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HIGH TEMPERATURE PROPERTIES OF NICKEL- 
COBALT-IRON BASE AGE-HARDENING 
ALLOYS—PART II 


By CHARLES R. AUSTIN 
Abstract 


In Part Il of this paper the behavior of the modified 
ternary alloys with re spect to chemical corrosion in 
normal solutions of nitric and hydrochloric acids and to 
atmospheric corrosion at 800- 1100 de grees Cent. (1470- 
2010 degrees Fahr.) 1s considered. It is shown that in 
general the alloys exhibit a markedly superior resistance 
to chemical corrosion in the reducing acid but that chem 
ical attack is still progressive after 16 days of test. In 
the oxidizing acid the alloys containing chromium are 
attacked during the first 24 hours but thereafter very little 
loss in weight is observed. 

At elevated temperatures data on weight loss have 
been presented in tabulated and graphical form, whereby 
direct comparison may be drawn between the behavior 
of the new alloys and commercial 80:20 nickel-chromium 
and stainless 18-8 steel. The importance of chromium is 
at once apparent. Many of the alloys have a greater re 
sistance to high temperature oxidation than 18-8 steel, 
but at 1100 degrees Cent. (2010 degrees Fahr.) only the 
alloys containing aluminum are equal or superior to nickel 
chromium. 

The nature of the microstructure of the alloys has 
been wlustrated and discussed, and data on the electrical 
resistivity of many of the alloys have been recorded. 


RESISTANCE TO HiGH TEMPERATURE OXIDATION AND TO 
CHEMICAL CORROSION WITH ELECTRICAL RESISTIVITY 
AND METALLOGRAPHIC DATA ON THE ALLOYS 


N THE introduction to Part I of this investigation the general 
scope of the work was outlined, and data were presented on the 
mechanical, age-hardening, work-hardening and temperature-soften- 
ing properties of the alloys. While these properties are important 


in a consideration of possible high temperature service it is frequently 


The author, Charles R. Austin, is associate profe ssor of met: illurgy, Penn- 
sylvania State College, State College, Pa. Part I of this paper appeared in 
the June 1936 issue of TRANSACTIONS. 
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of equal importance to have information on their resistance to oxiq 


d- 


tion at elevated temperatures or to chemical corrosion. 

The present paper serves to indicate the reactions of several of 
the alloys previously considered to prolonged oxidizing conditions a; 
temperatures from 800 to 1100 degrees Cent. (1470-2010 degrees 
Fahr.). The resistance to chemical corrosion was studied at room 
temperature by the intermittent corrosion test using normal solutions 
of hydrochloric and nitric acid. On account of the possible interes, 
in their application for electrical purposes, data on electrical resistivity 
are included. The results of some metallographic studies are also 
presented in order to indicate the microstructural nature of the al- 
loys. 


Chemical Corrosion Tests 


The corrosion of the alloys was conducted in nitric and hydro- 
chloric acids as it was considered that such tests would furnish in- 
formation on their general corrosion resistance to oxidizing and 
reducing acids. The strength of the acid used was normal, 63 grams 
HNO, per litre and 36.5 grams HCl per litre of water. The type of 
immersion test was similar to that used by Rawdon," the specimens 
being submerged in acid for one minute and then suspended in air 
for one minute. The modifications which permitted temperature 
control for the corrosive liquid containers have been described by 
Hensel and Williams.*? 

The specimens selected were cut 2 inches long from round 
rolled bar, and were sand-blasted to insure uniformity in the nature 
of the surface tested. The specimens were placed in the machine 
on glass hangers and the tests run for 24 hours. They were then 
removed, washed, dried and weighed. This was followed by a sec- 
ond 1 day run, then 2 and 4 day periods of test and finally 8 days, 
the specimens being weighed at the end of each period. 

The experimental data for the two series of tests are recorded 
in Tables IX and X. The alloys have been listed in order of merit, 
the alloy at the top of the table exhibiting the greatest resistance to 
chemical attack as revealed by loss in weight due to solution. Al- 
though all specimens were 2 inches long, variation in diameter ren- 


“uH. S. Rawdon, A. I. Krynitsky and W. H. Finkeldey, “Types of Apparatus used 1! 


Testing the Corrodibility of Metals,” Proceedings, American Society for Testing Mate 
rials, Vol. 24, Pt. II, 1924, p. 715-34. 


2F, R. Hensel and C. S. Williams, “Corrosion Tests of Weld Deposits,” Metals and 
Alloys, Vol..5, Pt. I, Jan. 1934, p. 11. 
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*Total duration of test was 6 days (72 day test) 
**Total duration of test was 3 days (T7T1 day test) 
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7 4 6 8 10 12 1a 
Duretion of Corrosion Tests in Hydrochloric Acid’, Days 


Fig. 9—Relation Between Weight Loss in Grams Pet 


Square Centimeter and 
Duration of Test for Normal Hydrochloric Acid. 


dered necessary calculation of superficial area exposed. Accordingly 
the original weight, area in square centimeters, and absolute weight 
loss after each test have been recorded, but the merit order has been 
taken from total weight loss per square centimeter after 16 days of 
test. The chemical analyses and characteristic composition feature 
are also appended. 

The weight loss in grams per square centimeter has been cal- 
culated for several of the alloys and plotted against duration of test 
in Figs. 9 and 10 for hydrochloric and nitric acid respectively. Much 
wider variations appear in the nitric acid tests and attention should 
be drawn to the fact that the values plotted as weight loss in the 
ordinate used in the HNO, graph, are ten times those used in plot- 
ting the data for HCl. However, a similar open scale has also been 
prepared for nitric acid (Fig. 11). 

Correlating the position of the weight loss-time curves in Fig. 
9 with the data in Table IX, it will be noted that the three alloys, 
2913, 2912 and 3111, which have the maximum resistance to corro- 
sion in hydrochloric acid, all contain molybdenum. These data rep- 
resent the corrosion effect of substituting varying amounts of molyb- 
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4 6 ee 12 
Duretion of Corrosion Tests in Nitric Acid’, Days 


Fig. 10-—Relation Between Weight Loss in Grams Per Square 
Duration of Test for Normal Nitric Acid. 


Centimeter and 
denum for the 19 per cent chromium in K42B. Evidently the in- 
crease from 4 per cent (2913) to 19 per cent molybdenum (3111) 
has little effect in changing the corrosion resistance. Substitution 
of tungsten for chromium or the addition of tungsten to K42B 
appears to render the alloy less resistant to attack. A similar inter- 
ference appears justified for aluminum additions. All these alloys 
have greater resistance to hydrochloric acid corrosion than has pure 
nickel. Increasing the cobalt content further decreases the resistance 
and nickel-chromium is surprisingly low in the series. It also appears 
interesting to record that the vanadium-bearing alloy with high cobalt 
holds position 7 in the merit order. The addition of 8 per cent 
chromium to this 2 per cent vanadium alloy (2914) results in the 
merit order number being reduced to 18 (Alloy 2915). It should 
be noted that the maximum solution corrosion is only five times the 
minimum corrosion in this series of tests. 

In the nitric acid tests the variation is considerably greater, the 
best alloy possessing several thousand times the corrosion resistance 
of the poorest alloy. The chromium-bearing alloys exhibit the maxi- 
mum resistance to corrosion and Fig. 11 shows that we have a series 
of alloys which no longer are subject to progressive corrosion as was 
the case with all alloys in the hydrochloric acid tests. Down to and 
including nickel-chromium with merit order number 7, practically all 
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the corrosion occurs during the first 24 hours. Beyond this period 
further solution is almost negligible. 

Further correlation of Table X with Fig. 11 shows that a pro- 
found change occurs in corrosion characteristics when tungsten (3109 
and 2909) and molybdenum (3111) are substituted for chromium. 
Nickel and cobalt are found respectively in the middle and near the 




















L Se 


12 
Duration of Corrosion Tests in Nitric Acid, Deys 


Fig. 11—Relation Between Weight Loss in Grams Per Square Centimeter and Dura 


tion of Test for Normal Nitric Acid Shown on a Scale Similar to That Used for the Hydro- 
chloric Acid Tests. 


bottom of the order of merit and in positions very similar to those for 
the hydrochloric acid tests. 

High ratio of cobalt to nickel content reacts unfavorably (com- 
pare the medium chromium alloys of merit order 6 and 15) and 8 and 
4 per cent substitution of molybdenum for 19 per cent chromium 
brings the alloy low down in the table. The addition of aluminum to 
the 4 per cent molybdenum alloy doubles the rate of solution of the 
alloy (2913 and 3115). Both the vanadium alloys exhibit poor re- 
sistance to nitric acid corrosion. The high cobalt, high iron alloy 
(K56) holds bottom place in both series of tests. 

After the conclusion of the corrosion tests a study of the nature 
of the corroded surface was made. The general appearance is difficult 
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Fig. 12—Appearance of Test Samples After Chemical Corrosion Tests in Hydro 
chloric and Nitric Acid. 


to photograph but a fair reproduction is presented in Fig. 12. The 
identification numbers refer to the two specimens immediately to 
the right. 

Cobalt showed the maximum selective corrosion in both series 
of tests. The corrosion of nickel and “Konal” was uniform. Nickel 
chromium exhibited the development of “corrosion cracks’ parallel 
with the direction of rolling in the hydrochloric acid test. Th 
development of “corrosion cracks’ was common in this test and can 
be related to the high cobalt alloys and to those containing molybde- 
num. One high ferrotitanium alloy (3004-K32) shows this char- 
acteristic to a marked degree. 

In the nitric acid series pronounced selective attack is found in 
both the vanadium alloys (2914 and 2915) and particularly in the 
molybdenum alloy containing aluminum (3115). 
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NICKEL-COBALT-IRON ALLOYS 
ATMOSPHERIC CORROSION AT ELEVATED TEMPERATURES 


Much attention during recent years has been devoted to studies 
of the mechanism of oxidation of metals and to the effect of time, 
temperature and alloying element on the amount and nature of the 
oxidation. In his important paper on heat-resisting steels Hat- 
fjeld'® included many references to the subject and more recently 
Rickett and Wood'* extended the bibliography. 

In the present investigation the purpose was to examine the 
relative resistance of the alloys to atmospheric oxidation at tempera- 
tures above 800 degrees Cent. (1470 degrees Fahr.) and to com- 
pare the results with data obtained under similar conditions on well 
known metals and commercial high temperature alloys. The total 
number of materials tested was thirty, and the tests were run for 
100, 200 and 400 hours at 800, 900, 1000 and 1100 degrees Cent. 
(1470, 1650, 1830, 2010 degrees Fahr.). 

Of the methods used for evaluating resistance to oxidation prob- 
ably none is entirely satisfactory, and on account of the large num- 
ber of alloys in the present work it was decided to use the simple 
loss of weight method. Two important factors must be considered in 
oxidation tests—resistance to oxidation per se and tendency to scale. 
All but the noble metals oxidize and hence the nature of the scale 
formed is of paramount importance. With some alloys the scale 
appears to be relatively tenacious only when a constant temperature 
is maintained. Others do not appear so susceptible to temperature 
changes. 

In an attempt to incorporate the temperature change effect in 
the present series of tests the alloys were heated and cooled three 
times for each test temperature. When cool the samples were jarred 
by tapping in order to remove any loose scale, so that it might be 
possible to differentiate between a loose and truly adherent scale. 


Method of Test 


The specimens, cut in duplicate, 3 inches long from forged 
strips 7%-inch wide by ;'s-inch thick, had an average weight of about 
50 grams, and a total superficial area of 42 square centimeters. After 


: "aa H. Hatfield, ‘‘Heat Resisting Steels,”’ Journal, Iron and Steel Inst., 1927, 
» p. 483. 


MR. L. Rickett and W. P. Wood, “The Action of Oxygen and Hydrogen Sulphide 


Upon Iron-Chromium Alloys at High Temperatures,” Transactions, American Society for 
Metals, Vol. 22, 1934, p. 347. 
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tember 


sand blasting, a 3%s-inch hole was drilled near the top of the sample, 
The strips were then hung on refractory rods arranged in 4 roy< 
and supported by end bricks as shown in Fig. 13. This picture 
illustrates the experimental conditions at the end of the final run a 
1100 degrees Cent. (2010 degrees Fahr.) by which time severe oxida- 
tion in previous tests had reduced the number of specimens worthy 


Fig. 13—-Experimental Method of Conducting Oxidation Tests 
to Determine Resistance to Atmospheric Corrosion at 800, 900, 1000 
and 1100 Degrees Cent. 


of test to fourteen. The first two rows (Fig. 13) contain Series | 
in the order listed in Tables XI to XIV, and the second two rows 
are the duplicate series arranged in the furnace in reverse order to 
the alloy numbers listed. 

The furnace muffle was heated by use of nickel-chromium resist- 
ance wire. Suitable distribution of the winding with the addition of 
heating units in the end bricks permitted a uniform temperature (+ 
5 degrees Cent.) over the entire test area. The oxidizing atmosphere 
was air. The bricks closing the front and back of the furnace fit- 
ted loosely in order that air might readily diffuse through the muffle 
and thus maintain the normal oxygen concentration. The specimens 
were placed in the furnace while at temperature and removed im- 
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Table XI 
In 4 rows Oxidation Tests at 800 Degrees Cent. Results Expressed as Total Weight (in Grams) 
iS pict Gain or Loss for 100, 200 and 400 Hours Duration of Test 

» picture 


he sample, 


¢ ; - - Tests at 800° Cent 
nal run at o eat 
ere oy idl; 100 Hours —~ -— 200 Hours —\ 400 Hours “co” 
— Alloy Gain Loss Gain Loss Gain Loss Scale 
om - .386 90 s. .699 70s, 1.396 


de 


ns worthy 


35 


268 Z aie ° a. 12 
1270) a i >a. 8-22 
908 ‘ >. Be . >a. 866 aR 30 
2909 : Bis ‘ a. 090 
2912 .082 ° tae 


9913 . >. S. . 300 


452 
2914 


2915 
2916 


»9 »() 


3004 


3005 
3006 
3007 


3008 


3009 
18-8 
3107 
3108 


3109 


3111 
3113 
3114 


1 Series | 
two rows 


3115 


K52 
» order to Cobalt 
Nickel 
: NiCrIV 
um resist- Konal 


ddition of 

ature (+ ; as ao 
tmosphere mediately at the end of the run. This facilitated the removal of scale 
irnace fit- which was less adherent, and constituted a more severe oxidation test 
the muffle procedure, 7 3 | 
specimens The first tests were run at 800 degrees Cent. (1470 degrees 
1oved im- Fahr.). After 100 hours the samples were removed, air-cooled, and 





Oxidation Tests at 900 Degrees Cent. 


Alloy 
2867 


2868 


2870 
2908 


2909 


2912 


2913 


2914 


2915 
2916 
2920 


3004 


3005 


3006 


3007 


3008 


3009 
18-8 


3107 
3108 
3109 
3111 
3113 
3114 
3115 
K52 
Cobalt 
Nickel 
NiCr lV 
Konal 
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Table XII 


Results Expressed as Total Weight (in « 


hams) 


Gain or Loss for 100, 200 and 400 Hours Duration of Test 


Tests 


100 Hours 
Loss 


1.327 


Gain Gain 


obese .230 
046 


021 


0.007 
0.076 


0.039 
0.023 


No Test 


0.358 
0.025 


200 Hours 


Loss 


2.559 


0.797 
1.119 


0.059 


21 
.80 


7 
I 


0.029 


0.941 
1.623 


0.045 


2.296 


1,93 


1.78 
2.60 


2.435 


at 900° 


Data 


Cent. 


400 Hours 


Gain Loss 


6.03 c.s. 


2.05 70a 
3.20 10a 


0.029 


0.031 


0.039 
0.028 


any scale that was easily removed was knocked from the specimens. 


The gain or loss in weight was recorded and the specimens arranged 


in order on the refractory rods and placed in the hot furnace for a 


second 100 hours. 
recorded and the total change from initial weight observed. 


Weighings were again taken after the procedure 


Again 





ecimens. 
irranged 
ce for a 
‘ocedure 


Again 
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Table XIII 
Oxidation Tests at 1000 Degrees Cent. Results Expressed as Total Weight (in Grams) 
Gain or Loss for 100, 200 and 400 Hours Duration of Test 


Tests at 1000° Cent 


Rockwell 
100 Hours —\ 200 Hours 400 Hours : “hs 
Gain Loss Scale Gain Loss Scale Gain Loss Scale Scale 


2.666 5. 6.364 c.s 11.634 c.3. 23 


260 > & aoe 5 4.457 c.s. 10 
.659 3 3.352 90s. 


302 bf z 0.518 


025 : 7 : 11.14 
43 bul 2.29 
27 58, > 17 

40 
23 


8.33 


+0 


By 


241 


2 
§.233 


781 
906 


4.50 x % 4.637 


.526 173 

975 bf. 2.241 

0.007 a. 0.016 
5.895 >.8, 9.537 

4.985 8. 7.831 

0.209 0.320 

0.040 0.061 

4.498 8. 7.47 


6.219 8. 11.014 
6.694 10.803 


obalt No Test 
Nickel Re 0.699 


, . ‘a5 ° 0.110 0.110 
NiCr IV 0.116 0.106 


Konal 3.4! ».S. 5.50 8. 9.128 


the specimens were subjected to a further 200-hour test and the 
final total gain or loss in weight for 400 hours recorded. ‘The com- 
plete data for 800 degrees Cent. (1470 degrees Fahr.) are recorded 
in Table XI. It will be noted that in some instances two values are 
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Table XIV 
Oxidation Tests at 1100 Degrees Cent. Results Expressed as Total Weight (in ‘irams) 
Gain or Loss for 100, 200 and 400 Hours Duration of Test 


——=tfests at 1100° Cent. 


100 Hours 200 Hours 
Alloy Loss Scale Gain 


2867 8.581 c.s. 
2868 2.731 c.S. 
2870 0.483 

2908 6.480 

2909 6.978 

2912 4.808 

2913 6.097 

2914 


2915 


9.141 
6.820 


~ 3. wi 11.221 
272V 9.021 
3004 5.111 10.991 
3005 .700 


964 >. 8. 4.942 7.07 
3006 5 778 


3.650 


.467 Selbe 361 
3007 0:987 


, 3.245 a. 1.593 
3008 7.445 
2910) 809 2.240 
18-8 .247 

3107 592 8 2.292 


.007 8. 0.090 


3108 0.509 


5.915 5 s. 15.578 


3109 18.820 


3111 .788 8. .730 ] 
3113 .233 a 833 3.39] 
3114 0.010 2 .125 0.224 
3115 4.079 8. .499 14.816 
K52 7.435 ai 

Cobalt No Test Data 

Nickel 0.844 at 1.284 + 1.93 
NiCrIV 0.076 .S. 0.145 0.404 


0.359 


Konal 6.625 


“Gain in_ weight was obviously due to gas attack from “transite’’ board used under 
specimen in this one series of tests. 





recorded as the results of test on an alloy. Occasionally there was 
complete lack of agreement in the data obtained on duplicate tests. 
This was particularly evident when one specimen was found to 





it (in “rams) 


F 1.93 


0.404 


0.359 


used under 
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found to 
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have a loose scale while the check specimen exhibited an adherent 
-cale. In such case the behavior of both specimens is indicated. 


However, in the large majority of tests, there was very close 


avreement between the duplicate specimens, and hence the mean of 
two similar results is given in the tables. 

After the experiments at 800 degrees Cent. (1470 degrees 
Kahr.) the samples were cleaned by sand-blasting in order to main 
tain uniformity of surface at the start of a test. The hardness was 
then recorded and a similar series of three runs, up to a total of 
100 hours, was conducted at 900 degrees Cent. (1650 degrees Fahr. ). 
The data are presented in Table XII. Cobalt was the only metal 
not included in the higher temperature tests on account of its poor 
resistance to oxidation (see Table XI). 

After again sand-blasting, a series of tests at 1000 degrees Cent. 
(1830 degrees Fahr.) was run. At the end of 400 hours at tempera 
ture the samples were furnace cooled. The Rockwell hardness values 
recorded in this series (Table XIII) therefore, indicate the effect 
of 400 hours at 1000 degrees Cent. followed by furnace-cooling 
and sand-blasting. 

With the final series of oxidation tests at 1100 degrees Cent. 
(2010 degrees Fahr.) many of the alloys were so markedly oxidized 
that a selection was made for further test of those alloys which had 
shown relatively little weight change. Table XIV shows which 
alloys were too poor to permit further test. For the final run of 
200 hours at 1100 degrees Cent. (2010 degrees Fahr.) only 14 of 
the 20 alloys merited this test. 

An important modification in test procedure must be mentioned. 
For the second 100 hours at 1100 degrees Cent. (2010 degrees Fahr. ) 
the specimens were hung on the refractory rods and the assembly 
placed on a “transite’”* board to facilitate introduction into the hot 
furnace. Evidently the “transite” as it heated up gave off gases which 
seriously corroded certain of the alloys, because many were much 
more seriously attacked, particularly at the lower end of the speci- 
men, than had been the case in the first 100 hour duration of test. 

Before testing at 1100 degrees Cent. (2010 degrees Fahr.) strips 
were cut from the base of all materials for metallographic examina- 
tion, so that the area of specimen for the runs at 1100 degrees Cent. 
(2010 degrees Fahr.) was about 35 square centimeters. 


*An asbestos composition board. 





TRANSACTIONS OF THE A. S. M. 
RESULTS OF OXIDATION TESTS 


A. general summary of the change in weight after 400 hours a 
each temperature is provided in Table XV. The alloys are listed jy 
their order of merit for the 800 degrees Cent. test along with thei; 
chemical composition. Where duplicate tests gave appreciably differ- 
ent values the one indicating maximum corrosion attack was included 
in Table XV. The nature of the oxide scale is recorded in each of 
the tables by “c.a.”” completely adherent, ‘“‘c.s.” completely scaled o 
by a per cent adherent or scaled. 

Reference to Table XV _ will show that in general the merit 
order for the alloys after the 900, 1000 and 1100 degrees Cent. (1650, 
1830, 2010 degrees Fahr.) treatment is not materially changed from 
that established by the tests at 800 degrees Cent. (1470 degrees 
Fahr.). At 800 degrees Cent. exactly half the alloys gained weight 
and half lost weight due to scaling. The remarkable difference be- 
tween the behavior of nickel and cobalt was hardly to be anticipated. 
Cobalt scaled so badly after 400 hours at 800 degrees Cent. (1470 
degrees Fahr.) that it was omitted from further test. All chromium 
alloys are found in the top half of the table where slight gain in 
weight was observed, with the exception of 18-8 stainless which 
lost weight. Loss in weight was obtained in all alloys where chro- 
mium had been substituted by varying amounts of molybdenum and 
tungsten in the K42B type alloy with the lone exception of 3115 con- 
taining 2.5 per cent aluminum. 

After 400 hours at 900 degrees Cent. (1650 degrees Fahr.) 
only seven alloys gained weight. These included K42B with alu- 
minum (3114) or without titanium (2870), nichrome and pure 
nickel. At 1000 degrees Cent. (1830 degrees Fahr.) it was surprising 
to find that nickel was the only metal to gain weight on account of 
its extremely adherent scale. Nickel still maintained its increase in 
weight at 1100 degrees Cent. (2010 degrees Fahr.) when most of 
the alloys tested began to scale badly. The only two alloys com- 
parable with nichrome at the higher temperatures are the high alu 
minum alloys 3108 and 3114. 

In an endeavor to reveal more clearly the oxidation character- 
istics of the alloys four figures have been prepared to correlate oxi- 
dation resistance with time and with temperature of test. 

The behavior of several K42B modifications in comparison with 
“Konal,” 18-8 and nichrome in the temperature range 800 to 1100 
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degrees Cent. (1470-2010 degrees Fahr.) is well illustrated in F; 
14. The results for both samples of alloy 3108 at 1100 decrees 
Cent. have been included. The marked difference in behavior «| 


L 


y 
se 


the two samples may be ascribed to the gaseous corrosion medium 


given off by the “transite” board. Thus after 100 hours the weigh 


Y T — 


| 
Ke. B 
KA 2B 
KG OB- Cr 
. KAPB+2VOA 
i JOOD Ka2ZB+5W 
3/09 K9AZB,Whror lr 
Kd 2B, Mo for Cr 
K42B , High Co-N/ 
2918 K42B+5Mo 
3/08 KALB+S5Al 
80.20 Ni-Cr 


1000 
Temperature, C. 


Fig. 14—Effect of Temperature on K42B and Modifications with 
Stainless 18-8 and Nichrome for Comparison. The Data Indicate 
lotal Loss in Weight After 400 Hours Treatment. 


loss was comparable for both specimens (see Table XIV), whereas 
after 200 hours the weight losses were very different (0.090 grams 
and 0.509 grams respectively). During the last 200 hours at 1100 
degrees Cent., when the “transite” was removed from the furnace, 
there was relatively little further corrosion of either test sample. 
The peculiar behavior of alloy 2916 (Fig. 14) was undoubtedly 
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Fig. 15—-Comparison of Temperature Effect Between K42B Type Alloys Modi 


fied with Molybdenum and with Tungsten. Total Weight Loss After 400 Hours 
lreatment Recorded. 


(ue to gas attack from the “transite” board. Stainless 18-8 steel is 
superior to “Konal’’ but appears markedly inferior to the 42B 

type alloys. 
Fig. 15 illustrates the relative effect of substitution of varying 
amounts of molybdenum or tungsten for all the chromium in K42B. 
whereas Both series of alloys are markedly inferior to K42B although increase 
X) grams 
at 1100 
furnace, 


of alloying elements exhibits definite increase in resistance to scaling. 
The addition of aluminum (3115) to the 4 per cent molybdenum 
alloy (2913) shows an important increase in resistance to oxidation. 

A general survey of the effect of time and temperature on 
several modified alloys is represented in Fig. 16. A number of al- 


nple. 
loubtedly 
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Jest Data 
900°C, «numme came 
KF 2B 000°C. 
KG 2B -7. 
Aq 2B-Cr 
KOE + 2Ve Al 
42B+S5W 
ke, BB Ww for Cp 
K4EB , Mo for 


. 4, 8, HY, gh Ct 


500 
Duration of Test, Hours 

Fig. 16-——-Effect of Time on Progress of Oxidation of Modified K42B Alloys as Re 
vealed by Total Weight Loss for 100, 200 and 400 Hours Duration of ‘Test Data for 
900, 1000 and 1100 Degrees Cent. are Included. 
loys exhibiting high resistance to oxidation are considered in Fig. 17, 
and the relative progress of oxidation at 800 and at 900 degrees Cent. 
(1470-1650 degrees Fahr.) is of interest. Alloy 2870 showing the 
most marked discontinuity with time of test is titanium-free K42B. 
Aluminum addition (3113) also shows this discontinuity but it 1s 
absent in the higher aluminum alloys 3108 and 3114. 


ELECTRICAL RESISTIVITY 


Electrical resistivity is important in certain industrial applica- 


tions of high temperature materials and a limited amount of data 1s 
s 
presented in Table XVI. The specific electrical resistance of iron, 
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Fig. 17—-Comparison of Time and Temperature Effect for Alloys Show 
ing High Resistance to Atmospheric Corrosion, 


nickel, cobalt and 80-20 nickel chromium are approximately 10.5, 7, 
9.7 and 108 microhms per centimeter cube. 

Titanium appears to increase the resistance of the “onal” type 
alloys by about 25 units for 2.5 per cent. The introduction of chro- 
mium has a marked effect and imparts the major part of the re- 
sistivity increase in K42B. Substitution of chromium by tungsten 
appears to have no effect and molybdenum raises the resistance only 
slightly. 

it is of interest to note the effect of varying the amount of 
tungsten used to replace the whole of the chromium in K42B._ Plot- 
ting the data indicates a linear relationship. A near linear relation 
is also noted between per cent added elements and resistivity when 
varying amounts of ferrotitanium are added to cobalt. 


Table XVI 
Specific Electrical Resistance of Alloys as Quenched from 950 Degrees Cent. 


Alloy Specific 
Designation Elect. Resist. Remarks 
Konal 44 ro wee ae ae 7.5 Pe 2.5 S1 
2866 15.5 Titanium free ‘‘Konal’’ 
2867 53 **Konal” with Ni-Co ratio reversed and 4% Ti 
K42B f 46 Ni 25 Co 7.5 Fe 2.5 Ti 19 Ci 
2870 5 Titanium free K42B 
2907 Substituting tungsten for chromium in K42B 
2908 Substituting 8 tungsten for 19 chromium in K42B 
2909 | Substituting 4 tungsten for 19 chromium in K42B 
2910 8 Adding 5 tungsten to K42B 
2911 Substituting molybdenum for chromium in K42B 
2915 ’ 30 Ni 50 Co 10 Fe 8 Cr 2 Va 
2918 50 Ni 20 Co 10 Fe 15 Cr 5 W 
3006 47 Ni 30 Co 7.5 Fe 2.5 Ti 13 Cr 
3008 38 15 Ni 40 Co 42.5 Fe 2.5 Ti 
3123 2 Cobalt with 20 per cent ferrotitanium 
3124 é Cobalt with 15 per cent ferrotitanium 
3125 2 Cobalt with 5 per cent ferrotitanium 
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METALLOGRAPHY 


All the test samples after the final treatment at 1000 degree 
Cent. (1830 degrees Fahr.) were examined under the microscope 
and several of the structures observed have been reproduced jp 
Figs. 18 to 22. These photomicrographs represent the structyral 
condition of the alloys after annealing for 400 hours at 1000 degrees 


Fig. 18—Photomicrographs of K42B Type Alloys. A. K42B—46 Ni, 25 Co, 10 
FeTi, 10 Cr. B. 2870—K42B Without Titanium. C. D, and E. 3107—High Co to 
Ni Content in K42B—C, Typical Structure; D, Coarse Grain Near Stencil Mark; E, 
Surface Corrosion. All Photomicrographs Taken After the 400 Hours Oxidation Test 
at 1000 Degrees Cent. Etched in Nitric-Hydrochloric-Glycerine Solution. x 200. 


Cent. (1830 degrees Fahr.) followed by furnace cooling. The photo- 
micrographs in Figs. 23 and 24 illustrate forged or annealed struc- 


tures. 
Experimentation with various etching reagents revealed that 
it was often difficult to prepare a satisfactory clean etch for metal- 
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Fig. 19—-Photomicrographs of Nickel, Nichrome and K42B with Aluminum. A 
Nickel. > 1000. B. 80:20 Nickel-Chromium. x 1000. C, D, E, and F. 3113—K42B 
with Aluminum Addition—C, Edge of Specimen. X 200. E and F, Typical Structure. 

200; D, Showing Some of the Finer Particles. % 1000. Photomicrographs Taken 
After the 400 Hour Oxidation Test at 1000 Degrees Cent. Etched in Nitric-Hydrochlori 
Glycerine Solution. 
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20—-Photomicrographs of K42B Ty Alloys, Containing Aluminum. A and 


C. 3114—K42B with Aluminum. xX 200. B. 3108—High Co to Ni Content in K42B 
with Al. xX 400. D, E, and F. 3115—4 Per Cent Mo for 19 Per Cent Cr in K42B 
with Al. X 200. All Photomicrographs Taken After the 400 Hour Oxidation Test 
at 1000 Degrees Cent. Etched in Nitric-Hydrochloric-Glycerine Solution. 





193 NICKEL-COBALT-IRON ALLOYS 505 


lographic examination. Frequently considerable staining and pitting 
of the alloy occurred. For the oxidation test samples a mixture | 
part nitric, 2 parts hydrochloric and 2 parts glycerine appeared to 
give the best results. 

In Fig. 18 are illustrated K42B, high cobalt to nickel content in 
K42B and K42B without titanium. ‘These are essentially solid solu 
tion type alloys having a fine-grained structure. The coarse struc 
ture found in alloy 3107 (D) is taken from a location near where 
the stencil identification mark was made. ‘This coarse grain was 
common to many of the alloys and indicated the existence of a critical 
strain for grain growth. Corrosion penetration may be noted in 
section E. 

Section A and B (Fig. 19) at 1000 diameters illustrates oxygen 
penetration and phase precipitation in nickel and nickel-chromium 
alloy respectively. Section C shows oxidation corrosion at the sut 
face, and F shows a typical structure at the center of alloy 3113. 
Section E resulted from a polish etch attack and is comparable with 
|’, The precipitated particles, presumably due to the presence of alu- 
minum, may be noted. Some of the finer particles are shown at 
1000 diameters in section D. 

The introduction of a definite phase by further additions of alu- 
minum is readily evident in Fig. 20 where all the alloys contain alu- 
minum additions. Near the edge of the test samples the precipitated 
phase appears to be oxidized out. Incidentally this phase-free zone 
tarnished readily. Staining may be due to impoverishment in chro- 
mium in the metal immediately under the scale. Again all the alloys 
are fine-grained, considering the prolonged high temperature treat- 
ment. Sections E and F represent the same metallographic structure 
with two different etching effects. 

The addition of 5 per cent tungsten to K42B appears to lead 
to an increase in corrosion penetration and to an enlarged grain size 


(A and C Fig. 21). Little account may be given to “depth of pene- 
tration” as an evaluation of the susceptibility to corrosion, however, 
since several corrosion tests of the nature herein discussed showed 
no penetration by virtue of the rapid scaling which occurred. 
The coarse grain in 18-8 stainless steel (Section B) should be 
A noted. Alloy 3111 (19 Mo for 19 Cr) showed a fine grain and a 
in K42B fairly clean structure (E and F). In complex alloys it is difficult 


ition Test 
to state whether particles disseminate throughout the structure re- 


sult from nonmetallics introduced during melting, from oxidation 
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Fig. 21 Pnsemtroeratan of Modified K42B Alloys, Stainless 18-8 Steel and a 
] 


2 Per Cent Vanadium Alloy. A and C. 3009—K42B with 5 Per Cent Tungsten Addi- 
tion. X 200. B. Stainless 18-8 Steel. X 200. D. 2915—30 Ni, 50 Co, 10 Fe, 8 Cr, 
2 Va. x 200. E and F. 3111—Mo for Cr in K42B. X 200. All Photomicro 
graphs Taken After the 400 Hour Oxidation Test at 1000 Degrees Cent. Etched in 
Nitric-Hydrochloric-Glycerine Solution. 
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Fig. 22—Photomicrographs of K42B Type Alloys with Molybdenum and Tungsten 
A and C, 2912—8 Mo for 19 Cr in K42B. 200. B. 2913—4 Mo for 19 Cr in K42B. 

200. D and F. 2908—8 W for 19 Cr in K42B. X 200. E. 3109—15 W for 19 C1 
in K42B. X% 200. All Photomicrographs Taken After the 400 Hour Oxidation Test at 
1000 Degrees Cent. Etched in Nitric-Hydrochloric-Glyceritie Solution. 
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Fig. 23—-Photomicrographs of K42B and K42B Type Alloys. A. K42B—As Forged 

100. B. K42B—Quenched from 950 Degrees Cent. X 100. C. 2910 (Same as 3009) 
K42B with 5 Per Cent W. Hot Forged. X 500. Etched in Cold Aqua Regia. D 
»912—8 Mo for 19 Cr in K42B. Forged. < 1000. All but Section C Etched ir 
Nitric-Hydrochloric-Glycerine Solution. 


during the high temperature treatment, or are due to the precipitation 
of a phase. 

Section D (Fig. 22) provides a good example of apparent free- 
dom from intergranular attack and apparent resistance to oxidation 
corrosion. This 8 per cent tungsten alloy lost weight rapidly in the 
tests and presumably the scaling kept pace with corrosion attack. 
Whether the large number of particles is due to heat treatment or is 
a relic of melting is uncertain. 

In Fig. 23 (A and B) is illustrated the forged and annealed 
sections of K42B. Section C is typical of the hot forged structure 


of K42B with 5 per cent tungsten addition. The photomicrographs 
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Fig. 24——Photomicrographs of ‘‘Konal’’ Alloys. A. 2866—Titanium-Free ‘‘Konal.’’ 
Swaged. XX 100. B and D. 2873—‘‘Konal’”’ with 40 Per Cent Fe-Ti. Unetched. B 
Annealed at 900 Degrees Cent. and Quenched or Slowly Cooled, * 500; D As Forged, 
1000. Note Disperse Phase. C. 2871—75 Ni, 20 Co, 5 Ti. Hot Forged. x 200 
ae Sections A and C Etched in Merica’s Reagent. 
‘cipitation 


rent free- representing this alloy after 400 hours at 1000 degrees Cent. have 


oxidation been discussed (Fig 21 Sections A and C). 


lly in the “Konal” with 10 per cent ferrotitanium shows no definite evi- 


n attack. dence of a precipitated phase, but when 40 per cent ferrotitanium 
1ent or is is added a second phase is present in all conditions of heat treat- 

ment of the alloy. Sections B and D (Fig. 24) show the appear- 
annealed ance of these particles at a magnification of 500 and 1000 diameters 
structure respectively. After annealing at 900 degrees Cent. the structure 


rographs seen in Section B is obtained whether the alloy is slowly cooled or 
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quenched in water. It is probable that the variation in soluljljt, 
with temperature of this phase is responsible for the age-hardenin, 


characteristics recorded. 


GENERAL CONSIDERATIONS 


The data on resistance to chemical corrosion at room tempera- 


ture, as revealed by the intermittent immersion tests demonstrate the 
superior resistance of the alloys to solution in a reducing as com- 
pared with an oxidizing acid. The useful duration of a test of this 
nature is always a matter of conjecture but it is believed that many 
such tests which have been run for only a few hours may be mis- 
leading when used for evaluating corrosion resistance from the prac- 
tical point of view. The need for extending the test time to several 
days appears particularly necessary in studying the solution of the 
alloys in nitric acid, since many exhibit a rapid attack in the early 
stages followed by practically complete stability due to the formation 
of an adherent protective film, consisting of the products of corrosion 

In all instances attack by hydrochloric acid appears to be slow 
but is progressive, and the relatively greater resistance to solution of 
the three molybdenum alloys is noteworthy. It may be considered 
that the poor resistance to chemical corrosion of cobalt as compared 
with nickel is due to the presence of impurities. However, cobalt 
analyzed 99.32 per cent cobalt whereas the nickel content was onl) 
98.78 per cent. 

It would appear that the formation of longitudinal corrosion 
cracks’in many of the alloys is associated with directional properties, 
and a metallographic study of the corroded test samples should prove 
informative. 

On account of the formation of protective coatings it was also 
considered desirable to subject the alloys to prolonged oxidation tests 
at elevated temperatures. During the tests at 800, 900 and 1000 de- 
grees Cent. (1470, 1650, 1830 degrees Fahr.) the maximum change 
in superficial area due to loss from scaling was less than 10 per cent. 
Since the data are presented to illustrate important differences in 
resistance to oxidation, correction for the minor changes in super- 
ficial area have been omitted. For a similar reason no attention has 
been given to the fact that whereas the approximate area of test was 
42 sq. cms. for the experiments at 800, 900 and 1000 degrees Cent., 
by cutting samples for metallographic study, the area was reduced to 
about 35 square centimeters for the test at 1100 degrees Cent. 
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The importance of aluminum additions in decreasing the oxida- 
tion due to high temperature corrosion has been established. This 
agrees with the observations of Zeigler on iron-aluminum alloys. 
\t 800 degrees Cent. ( 1470 degrees Fahr.) all the best alloys con- 
rain chromium ; substitution by tungsten or by molybdenum decreases 
resistance to oxidation in the order named. 

At 900 degrees Cent. (1650 degrees Fahr.) the effect of alu- 
minum and silicon is at once apparent, but despite the addition of 


+} ’ 
trie 


aluminum, the alloy containing 4 per cent molybdenum oxidizes 
rapidly. The alloys containing vanadium are low in resistance even 
with 8 per cent chromium. 

At 1000 degrees Cent. (1830 degrees Fahr.) nickel alone gains 
weight due apparently to the remarkable tenacity of the oxide coat- 
ing. The chromium and aluminum alloys do not lose much weight 
but the silicon does not appear to be so effective. K42B with molyb- 
denum and tungsten additions maintain fair resistance to scaling, 
but the complete substitution of these elements for chromium makes 
the alloy scale readily. 

The test at 1100 degrees Cent. (2010 degrees Fahr.) is severe 
and the rate of oxidation is relatively high. Only three alloys, in- 
cluding 80-20 nickel-chromium, scale so little that the loss in weight 
is of the order of 1 per cent after 400 hours treatment. 

Certain characteristics were noted with respect to the nature of 
the scale formed. At the highest temperature of test all the tungsten 
alloys and those similar to “Konal” showed a flaky scale which was 
readily detached. The alloys containing silicon or high content ferro- 
titanium produced a scale which exploded from the surface during 
cooling and on standing. Alloys high in iron content exhibited a 
strong continuous scale which was difficult to remove. It appeared 
that at least partial fusion of the products of oxidation had occurred. 
The vanadium alloys also appeared to exhibit definite fusion of the 
scale. 

The high aluminum alloys along with nickel-chromium showed 
very little surface difference despite loss or gain in weight during 
test. The majority of the alloys had a discontinuous type of coating 
which showed a tendency to form tiny cracks over the entire surface. 
Metallographic study of the oxidized alloys showed that the 





"N. A. Zeigler, “Resistance of Iron-Aluminum Alloys to Oxidation,” Transactions, 
ac Institute of Mining and Metallurgical Engineers, Jron and Steel Division, 1932, 
1. 100, p. 267. 
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“KKonal” and K42B type alloys were essentially solid solutions, ], 


many instances minute particles were observed distributed throughoy 


the structure of an alloy but it was not possible to define these par 
ticles as being due to the precipitation of a phase or to the intrody 
tion of “nonmetallics” during preparation of the alloys. The adcitioy 
of aluminum results in the formation of a second phase which ¢ay 
easily be distinguished although not determined. 

Most of the alloys exhibit a fine-grained structure even after the 
1OO-hour high temperature treatment, although the formation 0; 


coarse grains as the result of critical strain is evident in many alloys 
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DISCUSSION 


Written Discussion: By George P. Halliwell, director of research, H 
Kramer & Co., Chicago. 

Dr. Austin’s paper, unfortunately, did not come to the writer's attention 
until a few minutes before its presentation, so that a careful study of it was 
not permissible at that time. Oral discussion presented by 


modified and augmented in writing. 


me has been 


The paper is of interest to me not only because of my earlier work on 
alloys“of a composition similar to many used by Dr. Austin, but because of th 
valuable data on aging and work-hardening. Although a portion of the data or 
aging was presented in a previous paper,’ | wish to call particular attention to 
those alloys which develop high hardness after a suitable thermal treatment 
As Dr. Austin has mentioned, “The hardness of aged samples increases with a 
concomitant increase in cobalt and iron,” my natural query arises as to th 
optimum chemical composition for maximum hardness. If the maximum aged 
hardness of alloys in the first group, Table I (53-2789) is plotted as contours 
on a ternary diagram, (nickel, cobalt, iron plus titanium), a clearer picture 
of the relationship between chemical composition and hardness will be obtained 
Whereas the alloys having a high hardness in the quenched condition form a 
broad plateau in that section of the diagram richer in iron and which rises 
rather rapidly from the surrounding area, the hardness of the aged samples 
approaches a peak at about 44 per cent each of cobalt and iron and tapers of! 
gradually toward the iron corner, It is very evident that a nickel-cobalt-iron 
ratio of approximately 2:7:7 will give maximum hardness upon aging in those 


See footnote 1 of Dr. Austin’s paper. 
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alloys containing about 2.5 per cent titanium. This ratio will no doubt change 
as the titanium is increased or as other elements are introduced. No attempt 
will be made to hypothecate the cause of such a peak, but | offer this observa 
tion as a possibility for further study. 

Since many of the alloys listed in the previous paper are known to con 
tain small amounts of carbon, it is possible that the secondary hardnesses noted 
‘» some of the alloys shown in Figs. 1 and 2 may be due in part to a precipita 
Hon of carbon in some form. Such a double aging effect is well known and 
would correspond to the precipitation of CuAl, and MgeSi in Al-Cu-Mg-Si 
‘loys. It is also interesting to note that whereas alloys 2795 and 56 are similar 
i) general chemical composition, they differ considerably in the hardnesses 
obtained under similar conditions. ‘They vary also in the amount of secondary 
hardness developed. Alloy 2795 has a total of 1.43 per cent not accounted for 
iy its chemical analysis, whereas No. 56 has only 0.37 per cent. The presence 
of impurities, silicon or aluminum, introduced with the ferrotitanium, may 
have repressed this aging, similar to the action of impurities upon the aging 
characteristic of the binary aluminum-copper alloys. 

lhe influence of other elements upon the age-hardening properties of 
K42B is very interesting. It is not surprising, however, to find that neither 
irconium or tantalum have any beneficial effects on the aging characteristics 
of this alloy, since early work in the nickel-cobalt-iron base alloys showed 
that these elements were not interchangeable with titanium in producing 
marked aging. While the hardness of aged K42B, as modified with molybdenum 
and tungsten, has been increased within the period of aging, 80 hours, would 
this improvement be maintained over an extended period? Examination of the 
available data seems to indicate that it would not. After 1800 hours at 600 
degrees Cent. (Fig. 3°’) the hardness is still increasing. At 750 degrees 
Cent. alloys 2910 and 2916 show definite evidence of softening after 80 hours, 
whereas K42B (Fig 5’), after a slight change due to secondary hardening, 
has the same hardness after 200 hours as it had at 10 hours, Within the 80 
hour limit used in this paper, alloy 2911 is the only one of this group to show 
a continual increase in age hardness. In other words, has the introduction of 
molybdenum or tungsten to the K42B composition imparted any real improve 
ment to it in age-hardening over a prolonged period? Finally, none of these 
alloys has shown the resistance to over-aging shown by K32 (Fig. 3°’), 
40 V.H.N. after 3000 hours at 600 degrees Cent. and still increasing. 

In comparing the various hardnesses as shown in Tables Il and LV and 
lig. 5, | should like to call Dr. Austin’s attention to certain inconsistencies in 
the hardness of the “as-quenched” alloys, as noted below. 


Hardness of ‘“‘As-Quenched"” Alloys 

Rockwell C Baneeocent V.H.N V.H.N 

Alloy Fig. 5 3.HLN, Table II Table L\ 
2869 244 250 240 260 
2916 19.5 228 230 230 
2910 19.5 228 250 227 
42B 19.5 228 230 225 
2918 15.0 205 235 210 


The hardnesses as shown in Table IV agree very well with the Brinell Hard 
ness number (Col. 3) corresponding to the Rockwell “C” hardness as given 
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temly 
by the Rockwell Conversion Table, but those of Table Il are somewhat 5 
of line. As per Table II, alloy 2910 is slightly harder than No. 2869, yet F;, 
5 shows it to be somewhat softer. A similar condition holds for alloys 29 


and 2918. If the hardnesses given in Table Il were converted into Rocky, 


“C” and taken as the “as-quenched” hardness in Fig. 5, their relative jnjgj,) 
position would be changed. I call attention to this inconsistency because |), 
Austin has attributed the increased hardness at 50 per cent cold reduction , 


2867 over Konal to its increased cobalt content. If the discrepancies shoy, 
to exist between Fig. 5 and Table Il apply to other alloys and under yarje, 
conditions, it is difficult for the writer to determine the true hardness of the: 
alloys. 

The increase in hardness at 50 per cent cold reduction of 2867 over Kon 
is attributed by Dr. Austin (P. 16, 2nd Paragraph) to the increased coba); 
content of the former alloy. This is not strictly true, since 2867 contains 4 
per cent titanium. A retarded rate of quench may alone have resulted jn 4 
small amount of aging. A comparison of these two alloys with 2866, which 
has about the same cobalt content as Konal, but no titanium, shows about th 
same relative differences in hardness in these three alloys, in both the cold 
worked quenched and cold-worked aged condition. This would seem to indi 
cate that titanium is the real hardening agent. Further evidence on tlh 
relative effects of cobalt and titanium may be seen in the following data. 

rc Vickers Hardness Numbet 
, Per Cent ‘ Aged 
Alloy Ni Co Ke Ti Quenched 600° C.—50 Hrs. 750°C O Hy 
2867 27 54 15 4 150 330 180 
"K32 57 27 10 4.3 210 350 375 Plus 

*Taken from Table V. Figs. 3 and 5 reference (1). 

Although Figs. 5 and 6 show very clearly the relative hardnesses attained 
by the various alloys, it is the writer’s opinion that they do not tell the con 
plete story. It is often desirable to know the proportionate increase in hard 
ness of several alloys. Since K42B has frequently been used in comparisoi 
in this paper, | have chosen it as a base, although any other alloy studied 
could be conveniently used. Starting with the hardness in the “as-quenched 
condition and the increase in hardness due to mechanical and thermal treat 
ments as given in Table IV, I have calculated the theoretical proportionat: 
change in hardness of several alloys. The difference between the values ob 
tained (Table IV) and those calculated are designated as plus or minus in 
the following table. 


Quenched from 950 Degrees Cent. 

Alloy 2869 2910 2916 2868 2867 = Konal 
10% Cr - 9 13 +18 10 }-12 
Annealed to Maximum V.H.N. 62 + 9 +- 30 > 4 +-78 + | 
50% Cr De ee ee +81 +84 
Annealed to Maximum V.H.N. +41 +32 +-97 ; +159 

Aged 650 Degrees Cent.—72 Hrs. 
10% Cr -32 + 3 10 36 
Aged to Maximum V.H.N. +-14 — 5 3 6 15 
50% Cr 10 —15 10 29 48 
Aged to Maximum V.H.N. +-59 68 +14 +20 21 


Examination of this data reveals some striking facts. Alloy 2869 with its 
reversed nickel-cobalt ratio does not harden upon cold rolling as rapidly as 
K42B, and only shows its superiority in the aged condition. The addition 0! 
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5 per cent tungsten (2910) to the K42B alloy, hardens proportionately at a 


vaterially slower rate in all conditions, as the amount of cold deformation is 
nani The addition of 5 per cent molybdenum (2916) distinctly increases 
the relative amount of hardening resulting from thermal-mechanical treatment 
of the “as-quenched” alloy, but has little effect on the preaged samples 
.jmilarly treated. Alloy 2867 with its high cobalt and titanium presents the 
most surprising results. While it hardens at a remarkably faster rate in 
all treatments of the “as-quenched” alloy, the rate is distinctly slower in the 
oreaged state than that of K42B, similarly treated. The lowly “Konal” gives 
; eood account of itself in all but the condition of maximum hardness in the 
oreaged state. I believe that such information gives a clearer picture of the 
relative resistance of these alloys to deformation. 

| must still disagree with Dr. Austin in his statement that too much at 
tention should not be given to the difficulty of forging these alloys. While it 
‘< no doubt true that part of the difficulty experienced in the forging operation 
‘< due to lack of proper technique in the melting and casting practice, never- 
theless that condition exists and until it is improved the alloys will remain 
dificult to forge. My experience with a large number of these alloys has been 
that in addition to the presence of any intergranular impurity, most of the 
alloys are characterized by extreme ingotism, which of itself hinders forging. 
Once this structure has been broken down and recrystallization effected, further 
forging is a relatively simple process. 

In conclusion, may I express the hope that Dr. Austin will be able to 
continue this very valuable work, especially in alloys of higher titanium content. 


Oral Discussion 


M. A. Scnem*: I should like to ask Dr. Austin a question in connection 
with his slide that he showed on the scaling properties of these materials. Of 
course, these tests which he showed us were continuous scaling tests and | 
would like to know if he has made any attempts at accelerated scaling tests 
such as in and out tests, in which the scale was given a chance to break off the 
specimen. 

We have done some work of this kind on different alloys and we have 
noted that loss in weight from continuous scaling tests is not always a good 
indication of the scale resisting properties of an alloy in connection with a 
study of this kind. For instance, we might have internal oxidation or grain 
houndary oxidation which would give a mistaken idea of the ability of the 
alloy to resist oxidation. 


Author’s Closure 


| welcome the discussion of the paper by Mr. Halliwell and much ap- 
preciate the effort he has put into his analysis of the work presented in Part I. 

It is common practice to attempt to evaluate physical properties of a 
ternary system in terms of its three components in a manner similar to that 
used in studying alloy constitution. We have tried to do this, using a three 
dimensional triangular model, in an effort to correlate tensile strength and 
elongation per cent with the composition of the alloy. From such a model it 


“A. O. Smith Corp., Milwaukee. 
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was evident that cobalt was more powerful than nickel in raising the teygj), 
strength. 

An analysis of this kind is most simple when considering the alloys jn 4 
quenched state. Since, however, the most interesting properties are obtain, 
after some aging treatment, and since the true picture would be obtained oy) 
after subjecting each alloy to the heat treatment yielding optimum properti, 
it seems that little is gained by the above considerations until more knowledy, 
is available on the constitution of the alloys. 

Mr. Halliwell suggests that the secondary hardening observed in Figs 
and 2 may be due to carbon, and draws attention to two alloys (2795 and 5 


which have similar chemical composition. In order to obtain a clear pictur, 
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of the relative behavior of these two alloys the data on aging have been pre- 
sented in the accompanying figure. There is a marked difference in be- 
havior although the general trend of reaction to aging is similar. Alloy 2795 
is softer than 56, aged at 600 degrees Cent., but harder when aged at 750 
degrees Cent. It is interesting to note that heat treating alloy 56 at 700 de- 
grees Cent. gives very similar data to those obtained by heat treating alloy 
2795 at 650 degrees Cent. 
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\ttention is drawn to the discrepancy in total per cent from chemical an 
alyses. The author has no means of checking back on this discrepancy but he 
happens to have available chemical analyses for minor elements in these two 
alloys 


Aluminum Manganese Silicon Carbon 


Alloy 56 0.31 0.11 0.33 0.07 
Alloy 2795 0.24 0.38 0.47 0.11 


It would seem that the difference in aluminum and silicon content cannot 
have materially assisted in contributing to the difference in aging characteristics 


of the alloys, and the carbon content is lower (0.07 per cent) in the alloy (56) 


which exhibits the greater secondary hardening. Nevertheless, there is ample 
evidence to show that carbon may have an important effect on the hardness of 
the alloys. 

The author’s reference to substitutions for titanium as hardening elements 
referred more particularly to zirconium, vanadium and silicon, and he would 
like to draw Mr. Halliwell’s attention to the fact that early work did not show 
that zirconium and tantalum could not be interchanged with titanium. In 
our joint earlier paper it appeared that the substitution of either of these two 
elements for titanium did not lead to age-hardening “pure nickel” alloys (See 
\lloys 15 and 19, page 8 Ref. 1), but neither does titanium, (Table II, Konal 
I[) even in the presence of iron—and it is believed that the iron-titanium com- 
pound Fe;Ti is responsible for the high temperature hardening in most of the 
alloys studied. 

Reference is next made to the effect of additions of tungsten and 
molybdenum to K42B. To the author there appears to be a marked difference 
in behavior of alloys 2910, 2916, and 2911 (alloys cited by Mr. Halliwell) com- 
pared with our earlier basic alloy K42B, when aged at 600 degrees Cent. 
(Fig. 3). It must be remembered, however, that so high a_ temperature 
as 750 degrees Cent. tends to reduce or destroy any marked difference in 
hardness. It should be of interest to compare other properties of these alloys 
by reference to Part II of this work. 

Alloy K32 is a remarkable alloy when considered in the light of its re- 
sistance to over-aging at 600 and at 650 degrees Cent. This alloy, however, 
contains about 4.5 per cent titanium and it is not strictly comparable to the 
standard 2.5 per cent titanium alloys. This comment is also true of “Super 
Konal”—Alloy 2873 (Fig. 4). It may be noted that when heat treated at 
750 degrees Cent. K32 is definitely inferior to K42B as regards its resistance 
to over-aging. 

Mr. Halliwell next cites certain inconsistencies in hardness values recorded 
in Tables II and IV. If reference is made to the initial paper on this system 
of alloys it may be noted that the basic alloy “Konal” cannot be regarded as 
having a definite quenched hardness. Thus in Figs. 3 and 4 of that paper it is 
shown that the quenched hardness for the “Konal” specimen aged at 600 
degrees Cent. was about 140 whereas the quenched hardness of the specimen 
used for aging at 650 degrees Cent. was about 165 V.H.N. Both these values 
were obtained by actual test on a Vickers machine so that the difference is not 
due to translation to an “equivalent” hardness number in another system. Dif 
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ference in quenched hardness of two specimens of the same alloy (56) 
observed in the accompanying figure. The values range from 370 to 400 
In the study of complex systems of alloys such as those discussed 
present paper it is impossible to obtain exact agreement in hardness 
Slight segregation in the small experimental ingots may contribute 
variation, and phase precipitation during grinding of the quenched specim: 


occur due to accidental over heating. Thus the slight variation in quenched 


hardness of 2910 and 2869 is not significant, but it is believed that the diffe, 
ence in reaction to cold work (Fig. 5) is real. 

The author agrees that it is difficult to apportion the credit for increased 
hardness of alloy 2817 since both cobalt and titanium are present in create; 
quantity than in “Konal.” In systems of more than two components it is not 
possible to be sure of the exact role of any element unless data on the con 
stitution of the alloys are available. 

The author considers that the data on K32 and 2867 which Mr. Halliwell 
uses as further evidence of the effectiveness of titanium as a hardener might 
with more justification be used to demonstrate how important is the role o| 
nickel as a hardening element. The author was surprised and at a loss to 
explain the poor reaction to aging of alloy 2867 at 750 degrees Cent. 

It took considerable study to elucidate how Mr. Halliwell had arrived a 
the data shown in his list of derived values with the positive and negative 
values, and the author feels that the picture Mr. Halliwell brings out may bh 
observed qualitatively from the general change in slope of the curves in Figs, 5 
and 6 and in Fig. 7. The relative change in hardness had been considered but 
it was thought that the absolute values at any treatment were more important 
Many methods of analysis of the data may be used and for this reason the 
author presented the data as fully as possible. 

As regards forging difficulties the author believes that Mr. Halliwell finally 
suggests that such difficulties are only temporary. Perhaps, however, stress 
should be given to the idea that a study of precasting treatment and of casting 
technique would materially assist in the initial breakdown of the ingot. 

The author is glad to have Mr. Scheil’s comments on scaling. The method 
adopted to examine the resistance to oxidation of the alloys is explained in 
Part II of the paper, and consisted of three periods of heating at constant 
temperature for 100, 200, and a total of 400 hours. Cooling and shaking of the 
samples in between these heats would partially simulate what Mr. Scheil men- 
tions. Probably the most satisfactory test for what he has in mind is the 
standard A.S.T.M. test for electrical heating wires. 

It is true that the weight loss data alone does not give information on pene 
tration or on structural change. The author attempted to supplement this work 
with a metallographic study of the alloys after the final treatment. Since Part 
II of the paper was not preprinted it was not possible to give adequate attention 
to a discussion of this phase of the work. 
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METHODS FOR TERNARY SYSTEMS 
A. G. H. ANDERSEN AND Eric R. JErTe 
Abstract 


While the fundamental principles which are applied 
in studying the constitutions of ternary systems by X-ray 
methods are the same as for the binary systems, ternary 
systems involve a number of complexities which must 
be understood if investigations of such systems are to 
be performed efficiently. In particular, the methods of 
interpolation and extrapolation of lattice constant meas- 
urements as functions of composition differ in important 
ways from those used in binary systems. In this article 
the authors discuss the underlying theory of the use of 
X-ray methods for studying ternary systems and de- 
scribe the methods which they have already employed in 
their recently published investigation of the tron-chro- 
mium-silicon phase diagram. 


INTRODUCTION 


HE application of the methods of crystal structure analysis by 
T X-rays to the study of the constitutional diagrams of binary al- 
loys is now well established and has resulted in a considerable body of 
useful information. The application to ternary systems has not yet 
received much attention and to our knowledge no record of an ex- 
tensive investigation of a ternary system has appeared. Both prac- 
tical and theoretical interest in alloys with more than two com- 
ponents are constantly increasing. In the hope that X-ray studies of 
such systems would prove to be as fruitful as those in binary systems, 
such studies have been inaugurated in this laboratory. 

The general principles which are to be applied in X-ray studies 
of the more complex systems are, of course, fundamentally the same 
as those which have been used in binary systems. The methods of 
applying these principles to the more complex systems differ in im 
portant details. 

In order that we should be able (1) to restrict the amount of 
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mbey 


exploratory work, (2)' to use the X-ray methods to their fullest aq 
vantage, and (3) to make the actual procedure as systematic as pos 


sible, we found it not merely convenient, but actually necessary 4, 
inquire into the general conditions governing the application of X 
ray techniques to ternary systems by deductions from the known facts 
of the pertinent sciences. Since the results of this investigation are 
of such a general character that they are not limited to any particular 
ternary system and really constitute a basis for X-ray investigations 
of ternary alloys, they are communicated separately in the present 
article, 

Regarded from the viewpoint of physical chemistry, a metal 
system is a series of heterogeneous equilibria, and the determination 
of the constitutional diagram of such a system is essentially an appli- 
cation of the phase-rule to a number of fairly well standardized 
measurements of characteristic properties of metals. Before be 
ginning a work of this nature, it is therefore desirable to define a 
few of the terms which are to be used, which otherwise, perhaps, 
might be the cause of confusion. 

All such terms as component, phase and equilibrium are used 
strictly in the phase rule sense. However, it is becoming customary 
with metallurgists, in dealing with metal systems, to use the term 
“equilibrium diagram” with some caution, on account of the uncer 
tainty of attainment of equilibrium at lower temperatures where, 
though the free energy changes may be large, the reaction rates maj 
he extremely slow. The long predicted and recently demonstrated 
instability of cementite in hypoeutectoid steel is a point at hand (1) 

A better term for use in metal systems is constitutional diagram 
or phase diagram, with the understanding that the approach to true 
equilibrium is as close as practical conditions permit. ‘The crucial 
test for equilibrium is often considered to be an approach towards 
the equilibrium from two opposite directions, and observation of any 
divergence in the results obtained. This method has its obvious 
limitations for use with metal systems when a low temperature equi- 
librium is to be established. There seems to be a distinct correlation 
hetween the decrease in reaction or diffusion rates in solids and 
the increase in rigidity of the solid. The rigidity, as is well 
known, increases as the temperature decreases. If a divergence 
is observed within any practically available treatment time, one ma) 
conclude that equilibrium was not obtained with both approaches. 


The figures appearing in parentheses refer to the bibliography appended to this 
paper 
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In many cases, the only way of insuring a close approach to equi- 
librium would be to hold the materials at a specified temperature for 
months and even years, and this has occasionally been done in some 


types of investigations. In most cases, even when desirable, such a 


procedure is out of the question and some sort of compromise is 


adopted, such as treating selected alloys for various lengths of time 
at identical temperatures and comparing the results obtained with 
different times of treatment on each alloy. 

Where the term intermetallic compound is used, it is with reser- 
vations that such a substance may be capable of dissolving one or 
more of its constituents to a certain extent. The term “secondary 
solid solution” proposed by Hume-Rothery is frequently used in this 
connection. In ternary systems, solid solutions of this type would 
be called “secondary ternary solid solutions,” which is not only con- 
fusing but cumbersome. True compounds satisfying the criteria of 
definite proportion and invariant composition are comparatively rare 


in metal systems. 


TEM PERATURE-COMPOSITION RELATIONSHIP 
IN Two-PHASE EQUILIBRIA 


In any system of two or more components we may consider that, 
in general, every phase is to a greater or lesser degree variable in 
composition. It is true that in some cases the range of composition 
is so small that we may for convenience refer to them as pure ele 
ments or as compounds. Thus, in general, every two-phase region 
in a ternary system may be discussed as the equilibrium between 
two conjugate solutions. Again, in general, the compositions of two 
such phases in equilibrium will vary more or less with the tempera- 
ture, and, in ternary and more complex systems, with the gross com- 
position of the alloy as well. Thus the case of an intermetallic com 
pound in equilibrium with another phase may be treated in essentially 
the same way as conjugate solutions. 

The relationships existing between alloy composition and com- 
position of phases in equilibrium will be mathematically demonstrated 
below for a two-phase region in a ternary system. A co-ordinate 
system indicating temperature and three constituent compositions 1s 
employed. 

Starting with an alloy of a predetermined composition, the com- 
positions of the phases under conditions of equilibrium may be ex- 
pressed as functions of temperature. Referring to Fig. 1, let the 
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components be A, B, and C, and let the composition of the alloy | 


i 


a% of A, b% of B and c% of C. The composition of one of th, 


QO} 


phases in the equilibrium, for instance an intermetallic compound 
variable composition, may then be expressed as h% of A, k% of p 
and 1% of C, when h, k and | are functions of temperature: ¢h, 


Fig. 1—Distribution of Constituents as Function 
of Temperature; Three-component, Two-phase Equi 
librium. 


composition of the remaining phase may then be expressed as x% 
of A, y% of Band z% of C, and it may be determined as follows: 
Starting with 100 grams of alloy, after u grams of compound 
has been formed, we have (a—uh/100) grams of A, (b—uk/100) 
grams of B and (c—ul/100) grams of C left in the other phase, 
and its composition in percentages is: 
x = 100 (a — uh/100) = (100 — u) = (100a — uh) / (100 — u) 


vy = 100 (b — uk/100) + (100 — u) = (100b — uk) / (100 — 1) 
100 (¢ ul/100) = (100 u) = (100c — ul) / (100 — u) 


Under equilibrium conditions, u is a function of temperature; h, k 
and | are likewise functions of temperature and cannot vary inde 
pendent of u; they are therefore also functions of u. However, 
at any fixed temperature within the range at which the process may 
take place, h, k, and | are functions depending only upon the com- 
position of the alloy under consideration; therefore, h, k and | have 
quite definite values at any such chosen temperature; and if under 
such a condition u should be considered variable we are obviously n0 
longer dealing with equilibrium. This condition, if u_ increases, 
results in a familiar type of reaction which is of considerable prac- 
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tical interest since it is the process which occurs in precipitation 
hardening phenomena where, as is well known, precipitation takes 
place out of a supersaturated solid solution during annealing at a 
suitable temperature. Differentiating these equations with respect 
to u, we get: 


d (h) 


| (100 — wu) (fh —u X ) + (100a — uh) | 
d (u) 


[100(a — h) + d(u) (100 — u) -usd(h)] = (100—u) 
[100 (b k) -d(u) (100 u) -u*d(k)] = (100 u) 
[100(¢ — 1) + d(u) (100—u) -u*d(1)] = (100 — u) 


d(x) 100(a — h) + d(u) (100 — u) - usd (h) 
d(y) 100(b k) -d(u) (100 u) ‘ued (k) 
and similarly for the other ratios. 

Recalling that u, h, k and 1 are functions of temperature, it is 
seen that this equation describes the variation in composition of two 
phases in equilibrium. 

At constant temperature the equation may be considered to hold 
for the precipitation process though the system is no longer in equi- 
librium. For the sake of simplification we shall assume that the 
composition of the precipitating phase has during the course of the 
precipitation the same composition h, k, | as at equilibrium. The 
above expression then reduces to: 


d(x) a-—h 


d(y) b—k 
since d(h) and d(k) are zero, and this special form would, of course, 
have been obtained directly by partial differentiation. 
Integrating the latter equation, we get: 


+ C which is a straight line formula, and describes a 


tie-line, 

The limiting values of x and y are set by the attainment of 
equilibrium and are therefore given by the original equations for x 
and y. When these limiting values are substituted in the integrated 
equation, we obtain: 
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Substituting this value of C in the integrated equation, we obta:: 


a h x { { h 
(y b) +a 


b-k — ; : y—k 
as the equation for a tie-line.’ 

The changes in composition of the two phases of a given allo, 
with temperature are thus, under equilibrium conditions, represented 
by space-curves on a ruled surface which pivots on the point ind 
cating the alloy composition. (See Fig. 1). These space curves 
represent the intersection between the pivoting ruled surface and th 
solubility surfaces. Temperature sections of this pivoting ruled su 
face are identical with tie-lines and describe the path along which 
metastable or suspended equilibrium must tend to adjust itself a 
any given temperature. These space curves can easily be represented 
by projections with a temperature section as a base plane as shown 
in Fig. 1, and may be of some interest for future studies of the 
thermodynamics of reactions in metal systems. 


METHODS AND GENERAL PRINCIPLES 


The characteric properties of each phase present in a system are 
in general, at constant temperature, continuous functions of its com 
position whether present in a single-phase field or in a mixed-phase 
field. While in a single-phase field, the composition of the pri 
mary phase is, naturally, identical with that of the alloy, this can, o! 
course, never be the case in a two-phase field. A function, therefore, 
which gives the relation between the alloy composition and such a 
characteristic property as lattice-parameter of a phase present in two 
adjoining phase fields, must suffer a discontinuity at the phase bound- 
ary line. The criterion must be used with some caution, however; 
as has been demonstrated for the binaries of iron with chromium 
and with silicon, even within single phase regions, sudden changes 
of direction may appear which resemble discontinuities. Close ex- 
amination of the experimental facts and their co-relation to theo- 
retical possibilities of atomic arrangements, such as has been demon- 
strated by Jette and Greiner (2), makes it evident that the dis 
continuities may be only apparent, and possibly may constitute noth- 
ing more than rapidly changing portions of continuous functions. 


“Although this derivation for the tie-line ry in a ternary system is certainly not 
generally known, it may not be new. Our search in a few postions of the voluminous litera 


ture on phase rule where it could be expected to be found, failed to reveal it. 
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[he appearance of a new phase cannot, therefore, with certainty be 
‘ferred from such a discontinuity alone ; the possibility of its exist- 
ence from a phase-rule standpoint should be investigated and direct 
or strong corroborative evidence of its presence should be sought. 
However, once the presence of a new phase has been established, 
the limits of its range may be determined from observance of dis- 
continuities of the functions. 

[dentification of phases may be satisfactorily carried out by 
means of powder photograms, regardless of the fact that complete 
determination of crystal structure can rarely be made without resort 
to the Laue-methods or the rotation-technique, except when the 
structures to be determined are of the simpler types. The difficulties 
encountered in preparation of single crystals, necessary for these 
latter methods, restrict their use, practically, to investigations whose 
essential object is the determination of crystal structures. 

Determination of solubility limits may be carried out by means 
of powder photograms by simple identification of phases without 
measurements of lattice parameters; employed in this fashion, the 
method is distinguished from the classical microscopic technique not 
only by the substitution of X-ray apparatus for microscopic equip- 
ment, but also in the manner of heat treatment and preparation of 
samples. The vacuum-treatment, the smaller bulk of the samples, 
and the high quenching speed which these make possible are inherent 
advantages in the powder method and frequently offer advantages 
over the more massive samples necessary for the examination of pol- 
ished sections. These advantages, however, are to some extent lost 
by use of the method for a simple recognition of phases, due to 


the fact that a considerable proportion, probably several per cent, of 
the secondary phases must be present in the samples before their 
presence will be shown by lines on the photograms. 


Full benefit of these advantages may, however, be obtained by 
measurements of the lattice parameters. Differences in the limiting 
composition of the phases amounting in some systems to a few hun- 
dredths of a per cent may be recognized by means of the photograms. 
for ternary systems, however, no such high accuracy in the deter 
mination of solubility limits is generally attainable. This is due to 
the fact that the magnitude of the variations in lattice parameters 
with temperature in ternary systems is dependent upon the composi- 
tion of the alloys, the slope of the parametric surface and the direc- 
tion of the tie-lines. Even where possible, the attainment of an ac- 





TRANSACTIONS OF THE A. S. M. Septemly 
curacy of say 0.1 per cent on the boundary curves would require 


al 
inordinately large number of alloys. 


The ideal way of utilizing lattice parameters for establishing 


solubility limits would involve the measurements of the parameters 
at the actual temperatures employed without quenching, a procedure 
which would be comparable to that of obtaining expansion rates 
with a dilatometer. No adequate technique of general utility fo; 
this purpose is yet in existence for temperatures as high as required 
for work on many important alloy systems. 

In determining the solubility limits by means of the X-ray 
technique, it is assumed that discontinuities observed in the lattice 
constant versus composition curves in binary systems or surfaces jy 
ternary systems at room temperature, occur at the same composition 
as at the quenching temperature. A phase of a given composition 
has the same coefficient of thermal expansion at various temperatures 
whether it is by itself or forms part of a two or polyphase alloy. For 
this reason the expansion or contraction involved in the temperatur 
change ordinarily does not affect the location of the solubility limit 
It occasionally happens, however, that the composition of the phase 
under consideration lies beyond the limit where its lattice constant 
can be measured for single phase alloys. In ternary systems, ther 
is an additional factor in that the composition of this phase usually 
does not remain constant in the neighboring two-phase area. In 
both cases extrapolation of lattice constant versus composition curves 
or surfaces must be made. Because of the method of obtaining the 
intersections, it is still possible to have an error in the solubility de- 
termination when quenched specimens are used. The functions 
giving the relation between lattice parameters and compositions are 
known with a precision which depends upon interpolation between 
individually determined parameters and not only the absolute value 
of these changes must be considered but also their value relative to 
‘ach other. Interpolation from points obtained by measurement at 
room temperature may therefore give a slightly different intersec- 
tion point from one that could be obtained at the actual temperature 
level of the equilibrium. The precision obtainable in either case wil! 
also depend upon the angle of intersection of the representative curves 
which may differ at different temperatures. By obtaining alloys close 
to the solubility limit, however, the correct value will be approached 
with nearly equal certainty by measurements at high and at low tem- 
peratures. There is not enough known about the thermal expansion 
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eoefacients for us to determine how important this restriction may be. 

Even after major changes of composition due to precipitation, 
solution, ete., have been eliminated by the use of sufficiently high 
quenching speed, there is still a very important assumption made in 
X-ray work of this type. This assumption is that during the quench- 
ing operation itself nothing has taken place which would cause a 
change in the lattice constant other than that due to the pure con- 
traction phenomenon. This assumption is not generally valid. Even 
under the best obtainable conditions, a certain amount of reaction 
(precipitation or solution) is apt to take place. The strains produced 
hy such reactions are considered together with other strains under 
the general term “quenching strains.” 

Such strains must be of a complicated nature and consist not 
only of ordinary heat-contractive strains in a continuous phase, but 
also of interfacial tensions, strains due to the difference of the ex- 
pansion coefficients of two intimately mixed phases and possibly other 
sources including the reactions mentioned above. As a rule, forma- 
tion of an intermetallic compound involves a volume change. The 
volume of a compound is generally less than the sum of the volumes 
of the constituent atoms, but the reverse is occasionally true. In 
most cases the specific volume of the supersaturated solid solution 
increases with decreased concentration of a secondary metal. ‘The 
net result may be radial tensile stresses and, more rarely, compres- 
sive stresses in the compound and in the abutting solid solution. The 
intensity of these stresses must be of a much greater magnitude in 
the compound than in the larger volume of its abutting matrix. The 
lattice of the compound under conditions of tensile stresses must be 
under strains the intensity of which increase from the interface in- 
ward toward the center of the incipient compound particle. The in- 
terference lines from such a constituent should be expected to regis- 
ter as more or less hazy and broad lines on the photograms. If a 
considerable number of particles were present at the quenching tem- 
perature, this condition might be intensified or diminished according 
to the difference in heat expansion rates of the constituent phases. 


Distortion of the reflections which may possibly have been caused in 
this way have been discussed by many investigators, e.g., see (3). 

An investigation of the effect of quenching strains on the lat- 
tice parameters of aluminum-copper alloys was made by Phillips and 
srick (4) using a back reflecting camera and wires and powders of 
varying diameters. The authors found that quenching strains did 
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tembe; 


not affect the size of the parameters of solid solutions when the diay) 
eter of the material was less than 0.125 inch; they also are incline 
to believe that strains due to the formation of the CuAl, are not , 


significant factor in changing (in this case, increasing) the |attic, 


parameters of the matrix solutions. They report that other authors 
have held different opinions. 

While the possible effect on the lattice parameters of dispersion, 
interfaces and differential contraction of the two phases probably js 
smaller on the matrix solution than on the precipitated phase, the 
effect on the latter may be considerable. For the matrix, however. 
the effect certainly must approach zero as the proportion of the bulk 
of the dispersed phase approaches zero. Lattice parameters of pre- 
dominantly one-phase alloys obtained on the usual fine powders, must 
therefore be considered essentially free from errors due to distortion. 
On the other hand, Jattice parameters of a highly dispersed phase 
present in relatively small proportions in a matrix solution are prob- 
ably functions of several other variables in addition to composition 
and temperature. It may be questioned whether under extreme con- 
ditions the strains may not be sufficient to so disarrange the lattice 
that the reflections will be entirely lacking. 


THe PARAMETRIC SURFACES 


The procedure of utilizing lattice parameters for the determina 
tion of solid solubility limits in binary systems is well established, 
(5) (6). The variation of lattice parameters with composition is 
plotted and the points at various temperatures at which the parameter 
size of the primary phase becomes constant with increasing percent- 
age of the second metal are noted. 

For ternary systems the procedure is identical in principle. 
However, the presence of a third component necessitates the use ol 
one more concentration, and thus one more dimension in the diagram 
for the complete representation of the variables. Therefore, the 
variation in any characteristic property with composition must be 
represented by surfaces instead of lines and phase boundaries or 
solubility limits by intersections of surfaces instead of intersections 
of lines. Similarly, the variation of lattice parameter with composi- 
tion throughout a solid solubility region will be represented by a sur- 
face, more or less resembling a melting point surface. Each point on 
the surface corresponds to a definite composition of the primary phase 
and its appropriate lattice parameter; horizontal sections through the 
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surface at stated intervals will then yield contour lines indicating 


compositions of constant parameters. We shall refer to such a sur- 


face as a “parametric surface” and to the contour lines as “‘isopara- 
metric curves.” The parameters* of any phase, of course, are a 
function of the coefficient of heat-expansion and temperature. 

In multiple-phase regions conditions are different. For any 
given composition of an alloy within such regions the corresponding 
compe sitions of the primary phase are found not within the multiple 
phase region but on its boundary with the primary-phase region, 
and this generally varies with temperature. Over a_ three-phase 
region the parametric surface for any fixed temperature becomes a 
horizontal plane since according to the phase rule the compositions 
of all three phases are invariant. The lattice parameter of this plane 
senerally varies with temperature, and graphically corresponds with 
the composition of that one of the three corners of the region which 
lies on the primary-phase boundary. In a two-phase region the 
parametric surface is generally curved. Its horizontal sections, the 
isoparametric curves, become straight lines whose endpoints indi- 
cate phase compositions and are in all respects identical with tie 
lines. The surface, of course, is variable with temperature. 

The determination of solid solubility limits resolves itself into 
finding the intersections of the parametric surface of each single- 
phase region with those of adjoining two-phase regions at any de- 
sired temperature level. Where the approximate locations of solu- 
bility limits are known, their definite establishment requires only the 
determination of those portions of the parametric surfaces which 
cover the composition ranges lying in the neighborhood of the phase 
boundaries. 

One of the most direct methods of finding the intersections be 
tween two parametric surfaces would be to lay out the systems of 
isoparametric lines for both the one-phase and two-phase regions. A 
point where the two parametric curves of the same parameter value 
corresponding to the two different regions intersect, would give one 
point on the boundary curve between the one-phase and two-phase 
regions. Since the parametric surface in the two-phase region 
changes with quenching temperature, the procedure would need to 
be repeated for each temperature. This method would require such 
a large number of alloys that it is generally not practical. For the 


*Throughout this series of articles we follow common practice in using the terms “‘lat 
tice constant” and “lattice parameter’? synonymously although a body-centered lattice, such 
as alpha iron, has no “‘parameters’’ in the strict crystallographic sense. 
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mher 


same reason, methods based upon finding mathematical equations 


for the parametric surfaces and solving for their intersection mys 
be discarded, even though the mathematical difficulties could be gy 
mounted in some cases. With a folded surface, such as is obtained 
in the iron-chromium-silicon system in the alpha iron range, th 
mathematical difficulties are of no mean order, 


Ture Metruop or SECTIONS 


The most practical way of dealing with the problem is to use the 
method of sections. In this case the variation of the lattice param 
eter with compositions is studied at compositions lying along a 
straight line drawn more or less arbitrarily across a portion of th 
triangular base diagram. Such a line is nearly always chosen so that 
(a) the percentage of one of the elements remains constant or ()) 
the ratio of the percentages of two of the elements remains constant 
In either case, we may consider a section line as if it were a binary 
though the interpretation of the data differs from that for a true 
binary.* (6) (7). 

At this point it will be desirable to discuss some of the various 
possible changes in the lattice constant as a phase boundary is crossed 
along a section line. Unlike binary systems, the lattice parameters 
will not, in general, remain constant with further change in com 
position after a phase boundary has been reached. On the contrary, 
they may increase, decrease or remain constant. When at a constant 
temperature level one moves from a single-phase area into a two- 
phase area which yields conjugate solutions, the functions giving the 
relationship between alloy compositions and lattice parameters of the 
primary phase will split up into two branches, which, however, in a 
rare, special case may coincide, Along an arbitrary section, such as 
M-a-b crossing the boundary line® (see Fig. 2), the compositions o! 
the alloys are identical with the composition of the primary phase 
between M anda. Beyond a, there exist two solutions whose compo 
sitions lie on the intersections between the solubility boundary line 


and the proper tie-line. The lattice parameters of these conjugate 


‘Thus Elis Persson (7) has investigated a section of the Cu-Mn-Al alloys of constant 
ratio of Cu:Al with a content of Mn varying from 0 to 67 per cent. 


‘Lines inside the two-phase region in Figs, 2 to 4 are tie-lines; those outside this region 
are lines of constant parameter or isoparametric lines. The lowest lattice constant or param 
eter in Figs. 2 and 4 is assumed to be at the point M; in Fig. 3 the pure substance M 
has a lattice constant which is intermediate, the constants increasing as composition in the 
one-phase region move to the left and upward. 
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tions depend upon the directions of the tie-lines and the slope of 


Ie 
SOLU 


the 


parametric surface of the primary phase. 


On a section M-a-b, one branch will show an initial decrease 
and then an increase in the size of the parameters. 

On section M-ce-d there will take place an increase at a very 
call rate on one branch, and an abrupt increase on the other. 

In special circumstances which are possible although not very 


likely to be met, both branches may coincide. ‘This case demands a 


Composition —» 
Fig. 2a Fig. : 
Fig, 2—Lattice Parameters Versus Composition; Conjugate Solutions 
certain symmetry in the tie-lines, such that they indicate pairs ot} 
terminal phases which, despite differences in composition, possess 
identical lattice parameters. 

In a two-phase area where the phases are an intermetallic com 
pound and the primary solid solution, the position of the section 
relative to a line connecting the primary phase corner and a point in 
dicating the composition of the intermetallic compound, will detet 
mine the shape of the curves. On the line M-c-f (see Fig. 3) the 
lattice parameters will become constant upon crossing the phase 
boundary line. It is quite possible to have a case where the lattice 
parameters remain constant throughout both the single and the two 
phase field. On the lines M-b-e and M-a-d, there may take place an 
increase on one and a decrease on the other, depending upon the 
slope of the parametric surfaces. With other courses of the equi 
parametric curves, conditions may be such that for sections on either 
side of the line through the compound where the parameters remain 
constant on crossing into the two-phase field, either an increase on 
both sections may occur or a decrease on both sections. Such would 
be the case for conditions as shown in Fig. 4. 
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Conditions such as appear on section M-b-e (Fig. 3) 


special interest. The lattice parameters here decrease with additions 
to M of secondary elements. However, after passing into the two. 


i 
fe Section M-8-0o/ : 


Section M-b-e 


lattice Psrameters 


Composition —» Composition —» 
Fig. 3a Fig. 3b 


Fig. 3—Lattice Parameters Versus Composition; Compound Formation 
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phase region an increase takes place. This would be unexpected from 
consideration of the two binaries alone. Presumably similar con- 
siderations apply to the variation with composition in other proper- 
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Section M-f-e 
Composition — Composition — 
Fig. 4a Fig. 4b 


Fig. 4—Lattice Parameters Versus Composition; Compound Formation. 


ties, as for instance electrical resistivity, despite the fact that such 
scalars involve the sum of those of each phase, whereas we are deal- 
ing separately with each phase in lattice parameter measurements. 
Consideration must then be given to the fact that conductivities de- 
crease along both binaries. 
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X-RAY METHODS FOR 









Table | 
Summary of Conditions Considered for Method of Sections 













lwo Conjugate terminal solid solutions 
1) Increasing parameters on both bin aries 
2) Decreasing parameters on both binaries 
3) One binary shows increasing, the other decreasing parameters. 







3. A compound of fixed composition occurs, (with possibilities 1, 2 and 3, as stated 
under A.) 
¢. A compound of variable composition, or a secondary solid solution occurs (with pos 
sibilities 1, 2 and 3 as above). 
). Character of the secondary phase and its location on the diagram 
1) A pure component, or a binary phase 
2) A ternary phase 
| Character of Two-phase region 
1) Location 
2) Shape 
3) Size 
| Position of section chosen 












(. Parametric surfaces, rates of variation of parameters with composition. 
1) A single phase parametric surface is generally a curved surface, which may or 
may not contain sections described by straight lines 
2) A two-phase parametric surface is, except in exceptional cases, a curved sur 
face. Horizontal sections of this surface are straight lines synonymous with tie 
lines 
3) A three-phase parametric surface is a plane. 









Some caution should therefore be taken when dealing with es- 






sentially ternary alloys (or more complex systems) not to consider 





such variation abnormal without further consideration of the system 






as a whole. A knowledge of a considerable portion of the ternary 


diagram may be required to settle the question of what type of vari- 





ation 1s to be expected. 
The conditions may be hypothetically varied in many other de- 
tails, and the directions of the sections altered. While it is naturally 






desirable to know something about the types of curves that one may 





meet with before starting experimental work, a detailed study of 





these can only be made after experimental facts have been collected. 





The most important of the conditions which must be considered are 





given in Table I. 










Metuops OF DETERMINING PARAMETRIC SURFACES AND 






PHASE BOUNDARIES 





In applying the method of sections it is, of course, essential to 
have a series of points situated on each section line. The accuracy 


with which they must approach the section line compositions depends 






upon the rate of variation of lattice constant with composition in the 





directions perpendicular to the section line; upon the accuracy of the 





lattice constant determinations ; and upon the accuracy desired in the 





phase boundary determination. In many alloy systems, it is not 
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temby 


difficult to place alloys on the section lines with a high degree of , 


D 


cision. In others, such as the iron-chromium-silicon system, jt ; 


practically impossible to do so unless an extremely large number «; 
alloys is made. Volatility of one or more of the constituents, Jos, 
by spattering, reaction with crucible material, etc., all affect the fin, 
composition of the alloys. 

lor these reasons it is necessary to develop methods of inte; 
polation and extrapolation so that with a limited number of experi- 
mental observations, correction for the effect of deviations of actya! 
composition from a given section line and extension into the region, 
of the phase boundaries will be possible. Recalling that a te 
nary system may be represented by a space model, our problem thus 
becomes to proceed from a limited number of known ordinates 1 
the construction of some representation of the complete space mode! 
It would be possible to build an actual model, say for the sing) 
phase region, in which case we would not be limited to extrapolations 
along section lines extending through the one-phase region into the 
two-phase region. Except in the case of a surface of very simpk 
form, the labor of building such a model would be very great and 
much of the paper work to be described below would be necessary 
before the surface could be constructed with the required accuracy 
The procedure to be used is essentially orthographic projection oi 
a triangular prism with compositions along the base lines, and with 
lattice constants in the vertical direction. The approximate location 
of the various phase regions must be known from a few exploratory 
alloys, using the films to indicate the phases present. Such prelimi- 
nary work is necessary if the section lines are to be chosen to the 
best advantage. 

The first step involved is the preparation of a location diagran 
of all alloys in a system of components, A, B, C. Let A represent 
the predominant component, (or the solvent) of the alpha phase 
In developing a representation of the single phase space, one begins 
by drawing a diagram representing the variation in lattice param- 
eters with composition of both the binaries A-B and A-C. Next, 
on the location diagram a line of constant content of A is drawn in 
through any alloy. Where this line cuts the two binaries, ordinates 
representing lattice parameters are erected. Similarly an ordinate 1s 
erected through the given alloy composition. The last ordinate is 
known from direct measurement, and the other two may be read 
from their respective binary curves. We thus know three points on 





ree 
ystem, It ic 


number o; 


lents, | 


CT the fin: 


ls of Inter 


of experi. 
IS Of actual 
the regions 
hat a ter 
Oblem thy: 


rdinates 4, 
ace model 


the sing] 


ral lati Ns 


N into th 
ery simpl 
great and 
necessary 
accurac) 
jection of 
and with 
e location 
‘ploratory 
1 prelimi- 


en to the 


| diagran 
represent 
la phase 
ne begins 
e param- 
. Next, 
lrawn in 
ordinates 
dinate is 
dinate is 
be read 


ints on 


LUSSe6 


X-RAY METHODS FOR TERNARY SYSTEMS 


‘he lattice parametric section of constant A content through the 


tocen allov. By use of a large number of alloys we may obtain a 
chosen allo} ‘ - ¢ 

large number of sections parallel to the B-C edge. On each section 
we know three ordinates. The lattice parameters versus composition 


on each section is then drawn in, one curve for each set of three 
points. We assume that no local variations in the parametric sur 

faces larger than the experimental error exist. Under this condition 
none of the sections of parameter versus composition should cross, 
and each curve is drawn so as to conform to the contours of the two 
or three nearest neighbors. Such a diagram is shown in Fig. 3 of 
our article on the Fe-Cr-Si phase diagram (Consult Reference 9). 
inally, horizontal planes of constant lattice parameters are passed 
through this diagram with a convenient spacing apart, for instance 
0.001 A, the intersection of one such plane with the parameter versus 
composition for each section of constant A content gives a series 
of points of various compositions, determinable from the geometry 
of the diagram, which have equal lattice parameters. ‘The composi- 
tions may then be laid out on a triangular composition diagram and 
connected by a smooth curve. We thus obtain an isoparametric 
curve. Repeating the process for all the lattice parameters, we ob- 
tain a set of horizontal sections or isoparametric curves, which ade- 
quately describe the parametric surface. From such a plot the param- 
eter versus composition plot can be secured for any desired sec- 
tion line. 

A similar method might be used for laying down the alpha 
phase parameters in the two-phase regions, but this would require a 
large number of alloys throughout each of the two-phase regions, so 
that some modification of this procedure is desirable. 

In order to determine the phase boundaries, it is sufficient to 
know with precision the parametric surfaces in the neighborhood of 
the intersections of the surfaces. It is advantageous to work with 
sections parallel to the binary edges. A number of planes are passed 
through alloy compositions in a two-phase region, parallel to edge 
A-C, Alloys which do not lie exactly on these sections may still be 
used to obtain ordinates corresponding to points located exactly on 
the sections, by means of interpolations. In order to interpolate it is 
convenient to draw in a vertical reference plane perpendicular 
to A-B. Through any alloy, a plane is passed parallel to A-B and 
perpendicular to the reference plane. A line parallel to A-B is ob- 
viously a section line along which the percentage of one of the com- 
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tember 


ponents is constant. Choosing such a section line on which we hay, 
two or more points, we now plot the lattice parameters of the alloy< 
at their proper compositions. We repeat this for other section line 
parallel to A-B and thus secure a family of lattice parameter versy< 
composition curves. It is found that, unless there are local variatioys 
in lattice parameters greater than the experimental error, the curve 
have a general similarity of form, and never cross. With a litt) 


experience in using this method it is possible to secure this family 


of curves even if none of the sections has more than one alloy on jj 
The principle of general conformity of shape and direction of th 
curves may, of course, break down in special cases, since it is ji 
effect assuming that the parametric surfaces vary continuously with 
composition. It is obvious that serious errors can be made if too fey 
experimental points have been determined, but the minimum num- 
ber of points required depends upon the nature of the system. 

From this family of curves, points on any section parallel to 
A-C may be read off, and thus the experimental value for any alloy 
which lies somewhat removed from a section line parallel to A-}3 
may be corrected back to the desired section. 

Using this same family of curves, a plot is constructed to show 
the parameters versus compositions along a section parallel to A-C. 
rom the plot of parametric surface in the one-phase region a similar 
curve is obtained along the same section line. The intersection o/ 
the curve from the two-phase area with the curve from the one 
phase area gives one point in the phase boundary curve for the tem- 
perature to which the parameter measurements in the two-phase re- 
gion correspond. In the same manner other phase boundary points 
on sections parallel to A-C are obtained and the whole phase bound- 
ary curve for this temperature is thus determined. 

The accuracy with which phase boundaries can be determined by 
these methods depends very much upon the angle of intersection of 
the two parameter versus composition curves, as well as upon the 
accuracy of the parameters and compositions upon which the original 
curves were based. Small angles of intersection increase the uncer- 
tainty of the results. A description of the details of the procedure, 
together with illustrations using experimentally determined points, 
will be given in another article. 


COMPOSITION OF SECONDARY PHASES 


Location of the composition of secondary phases in ternary 
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193¢ 


-ystemms may involve considerable labor. The “Wlarkreuz verfahren” 


of Guertler (8) is of general utility. The definiteness and ease with 
which phases may be recognized by their photogram lines increase 
the advantages of this method, particularly for determination of the 
phases in three-phase regions. Approximate compositions may, how- 
oie sometimes be obtained from the same data which are used for 
locating the solubility limits. Occasionally, when the phase whos¢ 
composition is to be determined is a binary compound of known 
structure, the process may resolve into a mere comparison of lines 
on the binary and the ternary photograms; even in such a case, 
however, computation of the size of the unit cell and density deter- 
minations may be required, in order to establish a limited substitution 
of a third element in the original binary cell. 

In a two-phase field yielding conjugate solutions, their respec- 
tive compositions are given by the intersection of the phase boundary 
line and the two parametric curves of the single phase field, which 
correspond to the two measured parameters of each alloy. The 
line connecting these two intersections must also pass through the 
point indicating the gross composition, thus giving a tie-line. 

Where the secondary phase is itself a solid solution, the inter- 
section with the phase boundary of the measured equiparametri 
curve of the primary phase in equilibrium may be connected by a tie- 
line through the point of gross alloy composition, and continued until 
it intersects the boundary curve of the secondary phase. Averaging 
and adjustments of the results may, of course, be required. These 
tie-lines, identical with isoparametric lines in the two-phase area, 
must necessarily be straight lines. If, therefore, the isoparametric 
curves in a two-phase area deviate from straight lines, or if they 
cross each other in an unsystematic fashion, it is certain that equi- 
librium has not been attained. Such a lack of equilibrium may be 
due to faulty technique in preparing the alloys, incomplete elimina- 
tion of segregation, etc. However, it may be that the processes o1 
reactions involved progress at rates so slow that the attainment of 
equilibrium requires inordinately long times of annealing. Complete 
equilibrium under such conditions may not be practically attainable. 
If some estimate of the effect on the determination of solubility 
limits, due to unstable conditions, can be formed, such a lack of 
equilibrium may not seriously affect the precision of the determina- 
tion. A case of this kind was met in the investigation of the iron- 
chromium-silicon alloys. 
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When one of the phases in a two-phase region is a ternary cop. 


pound, its composition may be estimated by a similar method, ], 


this case, the composition of the primary phase in equilibrium js jp. 


dicated by the intersection of the phase boundary line with the ; 


parametric line on the single-phase parametric surface, which corre. 
sponds to the measured parameter of the primary phase in the ty 


phase alloy. A line running from such an intersection point and 


through the point indicating the gross composition of the alloy js 


analogous to a tie-line. For the special case when the compositio; 
of the compound is invariable, all such lines must intersect in a 
point which will indicate the composition of the intermetallic com 
pound. However, precision would require the use of a number of 
such tie-lines and of alloys placed at various points on the sam 
tie-line. Where only a few alloys are available and where these are 
not in pairs located on the same tie-line, interpolations must be re 
sorted to, and the location of the compound will be more or less un- 
certain. 

Generally, the composition of an intermetallic compound in a 
two-phase region is variable, both with respect to temperature and to 
gross composition of alloy. At a given temperature, all the tie-lines 
will then traverse a two-phase area and be bounded by a second 
single-phase area. The disappearing phase criterion in conjunction 
with the degree of convergence of the tie-lines may be used to 
judge roughly the extent of this area. Although we have to do with 
a phase of variable composition, the simplest chemical formula 
which may be ascribed to any point located within the area consistent 
with the obtainable crystallographic information, may, for the sake 
of convenience, be assumed to be the formula of the compound. li 
the compound is not formed by a peritectic reaction, the final assign- 
ment of a chemical symbol should depend upon the location of a 
freezing point maximum within the area. 


TEMPERATURE VARIATION OF LATTICE PARAMETERS 


IN TERNARY SYSTEMS 


Determination of the temperature variation of solubility limits 
must be performed by comparing the changes in lattice parameters 
not only with temperature, but also with respect to alloy location on 
the codrdinate system. In a section through a two-phase region, a 
change in lattice parameter of the primary phase does not neces- 
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‘ndicate a change in the solubility limit of this phase, unless 


| 
sarily 


composition of the secondary phase is invariable or has composi 


the 
‘ions which vary in such a manner with temperature that the direction 
of the tie-line suffers no angular displacement with temperature. 

In some binary systems the variation in lattice parameters with 
composition are too small to allow the solubility limits to be deter 
mined with sufficient precision. Westgren (6) has discussed such 
limitations of the X-ray technique. Application of this technique to 
‘ernary systems is subject to similar limitations. This may be the 
case even When both the limiting binaries show substantial rates of 
variation of lattice parameters with compositions. One soluble cle 
ment added to a metal may increase its lattice parameter, while a 
second element decreases it. On some intermediate section the lat- 
tice parameters are liable to show very small rates of change; the 
section line, therefore, may also correspond to an isoparametric line. 
If the tie-lines between alloy compositions and the composition of 
the compound are nearly parallel to the isoparametric lines of the 
single phase field, the solubility limits may vary by large amount, 
although the measured lattice parameters show little or no variation. 
Under different conditions, a section which in the single phase field 
shows no variation in parameter with composition, may be suitable 
for the determination of solubility limits whenever the tie-lines 
intersect the isoparametric curves at substantial angles. Under 
such conditions the lattice parameters in the two-phase region will 
show variation with composition. In general, sections must be so 
chosen that they traverse a portion of the diagram on which the 
parametric surface in the single-phase region intersects the parametric 
surface in the two-phase region at a substantial angle. ‘This is the 
only condition required and holds good even when the lattice param- 
eters in the single-phase field show no variation with composition. 
It is, however, not always possible to fulfill this condition. In one 
portion of the phase boundary region it may be possible to obtain 
satisfactory intersections and in others not. The precision obtainable 
may therefore vary with composition, and the direction of the sec- 
tions to be chosen also becomes important. Over a given portion of 
the diagram, sections taken in one direction may yield better results 
than sections taken in other directions. 

Considerable probing is, therefore, necessary before the most 
favorable sections can be chosen. ‘These considerations also make 
it evident that observations on an arbitrarily chosen single section oc- 
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mbey 








casionally may be misleading. Only correlation of observat 


a number of systematically placed alloys can give reliable jy 


NS on 











torma- 

tion, even of an orienting and qualitative kind, of the temperaty,, 
relation of solubility limits in a ternary system. 

Correlation of observations made over a wide region may he 


very useful and facilitate interpolations so that a region can be jp. 
vestigated with a minimum number of alloys. Under ordinary cop. 
ditions it can be assumed that the solubility limits at various tempera 
tures are described with curves which conform to each other in shape 
or at least possess some systematic variation. This is not always 
true and the assumption breaks down when the change in solubility 
with temperature is very large. Under these conditions very littl 
interpolation and still less extrapolation is permissible. 
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NOTES ON THE SOLIDUS TEMPERATURES IN THE 
SYSTEMS IRON-TUNGSTEN AND IRON-MOLYBDENUM 


By W. P. SyKeEs 
Abstract 


By observations on the melting temperatures of wire 
specimens the solidus lines in the tron-rich portions of the 
iron-tungsten and iron-molybdenum binary systems have 
been located with seemingly increased precision. 

Microstructures of small block specimens drastically 
quenched indicate that in both systems the alpha phase ts 
formed as the product of a peritectic reaction: liquid 


+eSa 


OME disagreements exist among the equilibrium diagrams of 
s these binary systems as reported by several investigators. The 
bibliography of this subject is collected in the two volumes by Gregg 
(1)* dealing with this group of alloys. 

The diagram of the iron-tungsten system has been drawn in two 
forms. One shows the alpha solid solution forming a eutectic with 
the epsilon intermetallic phase. The other indicates the formation of 
the alpha phase as the product of a peritectic reaction between iron- 
rich liquid and solid epsilon. It appears that the first form has been 
favored by those who have studied the binary systems only. Investt- 
gators (2) of two ternary systems involving iron and tungsten have 
agreed upon the second form. 

Uncertainty in the iron-molybdenum system has centered about 
the extent of the hypoeutectic concentration range. One obstacle 
common to both systems is the elevated temperature which renders 
especially difficult the determination of the solidus line by usual 
methods involving the use of thermocouples. A second obscuring 
factor is to be found in the high rate of decomposition of the alpha 
solid solution upon cooling. This is especially noticeable in the more 
concentrated alpha solid solutions of the iron-molybdenum system. 
Such alterations as have been made in the original diagrams appear 


*The figures appearing in parentheses refer to the bibliography appended to this 
paper, 


A paper presented before the Seventeenth Annual Convention of the Society 
held in Chicago September 30 to October 4, 1935. The author, W. P. Sykes, 
is metallurgist, Cleveland Wire Works, General Electric Co.. Cleveland. Man- 
uscript received May 9, 1935. 
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to have resulted from scattered observations rather than from ay 











. . - . . . Ws 
systematic studies of the questionable fields in these alloy syste; CI 
The present investigation was undertaken in hope of obtainino r 
. . . . . . > 5 i 
evidence which might establish with more certainty the forms of the 
° ° . ° ° ° m . _ In) 
solidus lines in these binary systems. So far as possible the solidys 
temperatures were determined by direct observation of wire speci- 
¢ | SO 
mens heated to fusion in a hydrogen atmosphere. Microstructures ) 
- i 
of specimens drastically quenched from temperatures near the solidys Ie 
7 ) 
furnished further information bearing on the form of the diagray in 
in this region. r 
‘Tue |RoN-TUNGSTEN SysTEM di 
A series of iron alloys containing tungsten in percentages vary- " 
ing from 5 to 30 per cent was prepared by melting the pressed metal . 
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Fig. 1—Iron-rich Portion of Iron-tungsten Equilibrium Diagram. 





powders' in the hydrogen atmosphere of a tungsten resistor furnace, 
the melts being contained in alundum boats. The resulting alloys 






‘The materials used in preparation of the alloys have been described in the original 
papers mentioned in foot note 1. 
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were hot-rolled, swaged and drawn into wires 0.025 inch in diameter 
Chemical analyses of the product indicated that the compositions of 
the alloys varied by not more than 0.2 per cent from those indicated 
in the following diagrams. 

Following the procedure outlined in a previous paper (3) the 
solidus temperatures were determined by observing the melting tem 
peratures of the wires in this series, the melting point of pure iron 
being considered as 1532 degrees Cent. (2790 degrees Fahr.). As 
indicated in Fig. 1 a distinct minimum in the solidus occurs at about 
15 per cent tungsten. Between 10 and 15 per cent tungsten the slight 
difference in melting temperatures could not be determined quan 
titatively, but when wires of those compositions were heated side by 
side the higher tungsten alloy was always the first to fall from a 
vertical position. ‘lemperatures as shown in the diagram are placed 
at the midpoint of a 6-degree Cent. range within which the observed 
melting of a given composition was observed to occur in repeated 
rus. 

Alloys containing more than 30 per cent tungsten could not be 
drawn into wire as small as desired, [or the solidus determinations 
of such compositions it was necessary to examine the microstruc- 
tures of quenched specimens. Such specimens about 3g inch square 
and ;'y inch thick, from alloys previously prepared by melting, were 
slowly heated to the desired temperatures in the hydrogen atmosphere 
and quenched in a 10 per cent solution of potassium hydroxide which 
had been chilled to about 5 degrees Cent. 

Chemical analyses of the two alloys which bracketed the end of 
the peritectic line showed tungsten contents of 32.3 and 32.4 per cent 
respectively. The values 32 and 32.5 per cent tungsten are used in 
the discussion, however, as being more in keeping with the degree 
of precision represented by the temperature measurements. 

Until the tungsten content exceeds 32 per cent the microstruc- 
tures observed after quenching from just below the solidus consist 
of the alpha solid solution only. At 32.5 per cent tungsten the epsilon 


phase (Fe,W,) as a primary crystal first appears concurrently with 
alpha, the latter having been almost completely preserved by drastic 
quenching from 1540 degrees Cent. (2805 degrees Fahr.). ‘These 
structures are illustrated in Figs. 2 and 3. 


lf, instead of quenching, these alloys are cooled from 1500 
degrees Cent. (2730 degrees Fahr.) to black in two or three minutes 
epsilon separates from the alpha solid solution in the form of fine 
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Fig. 2—Iron + 32 Per Cent Tungsten. Quenched from 1535 Degrees Cent. 500. 
Etching reagent, 1 part HgPQ,, 4 parts H,O. 

Fig. 3—Iron + 32.5 Per Cent Tungsten. Reheated 1535 to 1545 Degrees Cent. in 
30 Minutes and Quenched. xX 500. 

Fig. 4—Iron + 32 Per Cent Tungsten. Melt Cooled from 1600 to 1500 Degrees Cent. 
in 5 Minutes; from 1500 to 606 Degrees Cent. in 3 Minutes. x 200. 

Fig. 5—Iron + 32.5 Per Cent Tungsten. Melt Cooled from 1650 to 1500 Degrees 


Cent. in 5 Minutes; from 1500 to 600 Degrees Cent. in 3 Minutes. X 200. 
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plates or needles as shown in Figs. 4 and 5. The primary epsilon 


crystals become more numerous as the tungsten content increases 
above 32.5 per cent. Due to the relatively high density of this phase 
the crystals tend to segregate in the lower portions of the melt, and in 
alloys containing more than 35 per cent tungsten it is difficult to 
prevent such segregation even by agitation and rapid freezing. 

The structures indicate that the alpha solid solution is the 


Fig. 6—Iron + 33 Per Cent Tungsten. Melt Cooled Rapidly 
from 1650 to 600 Degrees Cent. Then Reheated at 1520 Degrees 
Cent. for 1 Minute and Quenched. X 200. 


product of a peritectic reaction at about 1540 degrees Cent. (2805 
degrees Fahr.) between primary epsilon and iron-rich liquid, and the 
diagram in Fig. 1 is drawn accordingly. 

Unless preserved by a drastic quench, the alpha phase, especially 
when nearly saturated in tungsten, will decompose yielding a duplex 
structure which has been mistaken for that of a eutectic. 

No evidence was noted of a reaction zone surrounding the 
primary epsilon. Since the product of the reaction differs so slightly 
in composition from the liquid phase such a zone might reasonably 
be indiscernable in the microstructure. In an alloy cooled less rapidly 
there appears a border of clear alpha about the primary epsilon, as 
in Fig. 6. This, however, is presumably the commonly observed 
“grain boundary effect”’. 

The limit of the alpha field between 1100 and 1530 degrees 
Cent. (2010-2785 degrees Fahr.) was determined by observation of 
structures in a group of compositions quenched from a series of in- 
creasing temperatures. In Fig. 1 this line CE, so obtained, is in 
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accord with the foregoing data as regards the peritectic tempera- 


reaction 
From about 33 per cent tungsten at 1540 degrees Cent. (2805 deg 


ture and the composition of the alpha phase formed by this 
rees 
Kahr.) the alpha boundary recedes to 12 per cent tungsten at 11 
degrees Cent. (2010 degrees Fahr.) according to the microstructures 
observed in quenched specimens. At 700 degrees Cent. (1290 de. 
grees Fahr.) the boundary lies between 6 and 7 per cent tungstey 
as indicated by measurements of electrical resistance. 
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Alloys in this system containing more than 20 per cent moly)- 
denum are difficult to work into small wires probably on account oj 
the hardening which accompanies the rapid decomposition of the 
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Fig. 7—Iron-rich Portion of Iron-molybdenum Equilibrium Diagram. 













alpha solid solution at lower temperatures. Consequently, specimens 
of higher molybdenum content used for the solidus determinations 
were obtained by shaping pins of the desired size from the cast alloys. 

As drawn in Fig. 7 the solidus temperature falls steadily to a 
minimum of 1440 + 3 degrees Cent. at about 36 per cent molyb- 
denum. Repeated comparisons of the 34 and 36 per cent alloys 
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Fig. 8—Iron + 36 Per Cent of Molybdenum. Heated from 1430 to 1445 Degrees Cent. 
in 20 Minutes and Quenched in 10 Per Cent KOH at 5 Degrees Cent.  _ 200. 

Fig. 9—Iron + 38 Per Cent Molybdenum. Heated from 1430 to 1455 Degrees Cent. 
in 50 Minutes and Quenched in 10 Per Cent KOH at 5 Degrees Cent x 200. 

Fig. 10—Same as Fig. 9. X 500. 
Fig. 11—Iron + 38 Per Cent Molybdenum. Heated from 1430 to 1455 Degrees Cent. 
in 20 Minutes and Quenched in Water at 15 Degrees Cent. < 200. 
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Fig. 12-—Iron + 38 Per Cent Molybdenum. Cooled from Melt, 1475 to 1440 Degrees 
Cent. in 20 Minutes. Quenched from 1440 Degrees Cent. in Water at 15 Degrees Cent. 
xX 200. 

Fig. 13—Iron + 36 Per Cent Molybdenum. Reheated 1420 Degrees Cent. for 30 
Minutes. Quenched in 10 Per Cent KOH at 5 Degrees Cent. x 500. . 

Fig. 14—Iron + 36 Per Cent Molybdenum. Reheated 1420 Degrees Cent. for 30 Min 
utes. Quenched in 10 Per Cent KOH at 5 Degrees Cent. x 500. 

Fig. 15—Iron + 36 Per Cent Molybdenum. Reheated 1350 to 1430 Degrees Cent. 
in 25 Minutes. Quenched in Water at 15 Degrees Cent. x 500. 
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‘ndicated a slightly lower solidus temperature for the latter com- 
position. 

| Primary epsilon (Fe,Mo,) first appears in compositions  be- 
tween 36 and 38 per cent molybdenum as may be seen in Fig. 9 in 
which the epsilon is marked (X). The formation of liquid upon 
reheating the 36 per cent molybdenum alloy results in the dark etch- 
ing network of finely meshed epsilon shown in Fig. 8. This forma 
tion will also be observed at the grain boundaries of the 38 per cent 
alloy in Fig. 10. An appreciable quantity of primary epsilon appears 
in the latter structure along with alpha. 

The primary epsilon in Figs. 9 and 10 has lost its dendritic out- 
line due to prolonged heating near the peritectic temperature. In 
Fig. 11 however, the original shape is more perfectly preserved. 
This structure illustrates, as well, the inability of a less drastic quench 
to preserve the alpha from decomposition during cooling. In Fig. 12 
is shown a specimen of the 38 per cent alloy which was water- 
quenched from below the solidus. Precipitation of epsilon in a 
closely meshed form has occurred throughout the alpha which sur- 
rounds the primary epsilon areas. Most of this precipitation prob- 
ably occurred while the alloy cooled. from 1450 to about 1440 degrees 
Cent. (2640-2625 degrees Fahr.), previous to the quench. 

Apparently the alpha phase is formed by a peritectic reaction in 
this system as in the iron-tungsten system. The structure resulting 
from the alpha decomposition was originally mistaken by the author 
(4) for that of a eutectic. Takei and Murakami (5) subsequently 
interpreted the structure correctly, but assumed that a eutectic did 
exist in the system with a hypoeutectic range extending from about 
38 to some 40 per cent molybdenum. 

Unusual formations of the epsilon precipitate are often ob- 
served, three instances of which are illustrated in Figs. 13, 14 and 15. 
In the first two microphotographs epsilon appears to have separated 
trom the alpha solid solution during the quench in areas adjoining 
the residual epsilon needles and globules. In Fig. 15 some of the 
epsilon plates which had formed at a temperature well below the 
limit of the alpha field have responded to a “spheroidizing treatment” 
by assuming a rectangular outline. 

setween the temperatures of 1430 and 1130 degrees Cent. 
(2605-2065 degrees Fahr.) the molybdenum concentration of the 
saturated alpha phase decreases from 36 to 15 per cent as determined 


by the microstructures of quenched specimens. Resistance measure- 





550 


TRANSACTIONS OF THE A. S. M. S 


ember 


ments indicate that at 700 degrees Cent. (1290 degrees Fahr.) the 
limit of the alpha field lies between 3 and 5 per cent molybdenum, 
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SOME TRANSIENT PHASE CHANGES DURING THE 
GRAPHITIZING REACTION 


By H. A. ScHwartz, H. H. JoHNsOoN Anp C. H. JUNGE 
Abstract 


Using certain data and. material kindly furnished by 
Cyril Smith and Earl W. Palmer of the American Brass 
Company, the authors have attempted to follow the 
changes in composition and specific volume of the cement- 
ite and solid solution phases during the process of 
graphitization in the light of their own metallographic 
and density investigations. 

It appears that material partially graphitized at 925 
degrees Cent. (1700 degrees Fahr.) is converted on cool- 
ing and holding below A, into graphite plus Fe,C plus 
decomposed solid solution (granular pearlite) of approxi- 
mately metastable eutectoid composition. At the elevated 
temperature, however, the cementite decreases pro- 
gressively in carbon content and increases in density; the 
latter remaining a simple function of the former. The 
stable solid solution saturated at 925 degrees Cent. (1700 
degrees Fahr.) is less dense than the saturated metastable 
solution by about 1 per cent. 


NE ofthe present authors (1)! in co-operation with others 
O has suggested that there must be two solid solutions of carbon 
in iron depending upon whether the equilibrium is with cementite 
or carbon and has suggested the name Boydenite for the latter. 
Reasons have also been given (2) for considering that the difference 
may reside in the location of the carbon atom in the gamma lattice. 
It was later shown (3) that even the cementite phase does not re- 
main unaltered in composition during graphitization. Quite lately a 
demonstration has been furnished (4) that the expansion of white 
iron during graphitization is not a linear function of the amount of 
graphite formed and hence that there must exist changes of density 
in the metal matrix during the process of graphitization. Assum- 
ing, as seems reasonable, that this phenomenon is general and not 

1The figures in parentheses refer to the bibliography appended. 


_ A paper presented before the Seventeenth Annual Convention of the So- 
ciety held in Chicago the week of September 30 to October 4, 1935. Of the 
authors, H. A. Schwartz is manager of researci. and H. H. Johnson and 
C. H. Junge, members of research staff, National Maileable & Steel Castings 
Co., Cleveland. Manuscript received May 18, 1935. 
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te 193 
limited to the presence of copper, we may use the observations ,; bet 
Smith and Palmer to gain some insight into the changes going on dur in 
ing graphitization. sit 

The iron used by Smith and Palmer had a composition pi 
follows: nl 
Carbon 2.40 Per Cent of 
Silicon 1.01 Per Cent 
Manganese 0.31 Per Cent at 
Phosphorus 0.144 Per Cent 1 
Sulphur 0.075 Per Cent | 
Copper 1.33 Per Cent « 
being alloy 1652 of their publication. It is to be noted that thi | 
analysis does not check the carbon content of any of the subsequent Si 

data but this is a point of little consequence since we use throughow 
the actual carbon content of the samples under discussion. b 
Smith and Palmer have kindly elaborated on the original pub , 
lication in private correspondence and give the data of Table I to d 
gether with the following explanations which are quoted verbatin ¢ 
with some omissions of matter irrelevant to the present discussio a 
as follows: “Because of the few specimens we had available, and 
; 
Table | \ 
Fe.C Ex] il | 

Graphi- Per sion 
Time Total Graphitic Combined tized Comple- Cent +.5 Incl I 

at 925°C. Carbon Carbon Carbon Per tion Expan Specim 

Spec. No. Min. Per Cent Per Cent Per Cent Cent Analysis sion Incl 
1652-M1 0 2.48 0.063 2.42 0.063 4 0 0.000 ( 

M2 42 2.47 0.49 1.98 0.50 36 25 0.0106 

M3 61 2.45 1.03 1.42 1.06 76 50 0.0200 

M4 145 2.44 1.30 1.14 1.34 96 87% 0.0350 

M5 310 2.41 1.33 1.08 1.40 100 100 0.0400 

1652-M6 0 2.45 0.02 2 0.02 1 0 0.0000 

M7 42 2.47 0.54 1.923 0.52 40 25 0.0100 

M8 61 2.43 0.82—0.83 1.60 0.85 66 50 0.020 

M9 100 2.42 1.19 1.23 1.22 95 75 0.0300 

M10 310 2.34 1.18 1.16 1.29 100 100 0.0400 


All specimens heated to 925 degrees Cent. (1700 degrees Fahr.) in 2.7 hours. 
Oxidation losses assumed to affect graphitic carbon only. 





the difficulty of quenching from the dilatometer, the specimens use‘ 
for analyses and micros were 3% inch pieces of the white iron bars 
used for dilatometer specimens. These were heated in the dilatomete! 
tube for times corresponding to various percentages of the expansion 
observed on another specimen of the same iron. That is, the ex- 
pansion of the sample analyzed was not directly observed. As a mat- 
ter of fact, two sets of samples were run, and the lack of agreement 
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between the two convinced us that the results were only qualitative 
‘, nature. A %-inch slice was sawed from each sample and the in- 


side face polished for microscopic examination, while the larger 


piece was sampled for analysis by drilling two ,;-inch holes com- 
oletely through after the slightly decarburized skin had been ground 
off. The drillings were quite fine, short chips, with little graphite 


dust, and after thorough mixing were used for total carbon and 
eraphitic carbon determinations. While we agree that sampling 
errors were probably somewhat larger than would be the case with a 
solid sample, it seems doubtful if any serious error is involved. Du- 
nlicate graphitic carbon determinations were run on one of these 
samples (1652-M8&) with an excellent check. 

In annealing these specimens, the whole group was placed in the 
hottom of a l-inch closed end silica tube, with several disks of 
craphite strung along the tube to serve as baffles and maintain a re- 
ducing atmosphere closely reproducing that obtained in the dilatom- 
eter. Specimens were removed and quenched after stated times, 
and were then reheated 4 hour at 650 degrees Cent. (1200 degrees 
Fahr.). This was done to soften the specimens for cutting off the 
micro sample, and also to give a dark-etching background against 
which cementite could be readily identified. We believe that the 
brief treatment at 650 degrees Cent. (1200 degrees Fahr.) caused 
no additional graphitization, and the analyses should not be affected. 

Each sample was analyzed for total carbon and for graphitic 
carbon, the difference between these figures being the reported com- 
bined carbon content. However, the total carbon figure decreased 
with increasing times of anneal, indicating some oxidation during 
the treatment, and in order to secure a better measure of the “Fe,C 
eraphitized,” the “combined carbon” figure of each sample was 
subtracted from the “total carbon” content of the specimen held for 
zero time at 925 degrees Cent. (1700 degrees Fahr.) —a procedure 
which involves the assumption that oxidation affected the graphite 
determination only. . . . The expansion of the alloy from room tem- 
perature to 925 degrees Cent. (1700 degrees Fahr.) for a heating 
time of 2.2 hours (practically the same for 2.7 hours) varied slightly 
from specimen to specimen — presumably due to differing rates of 
cooling, ete. of the casting. For the specimens from which the ex- 
pansion data were taken the total expansion of the 4.5-inch speci- 
men, to 925 degrees Cent. (1700 degrees Fahr.) was 0.0622 inch. 
Other specimens were within + 0.002 inch of this value. This com- 
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parison of expansion and graphite formation is at best very 
proximate, because the expansion of the analyzed samples wa 
actually determined. 

They have also furnished us their original metallographic speci- 
mens whose density we determined by the Archimedean method. 
Micrographs were made in four areas for each specimen and 
the (volume) fraction of the material composed of cementite was 
measured on the intercept planimeter in the usual manner. The 
density of specimen 1652-M4 is apparently in error. The presence 
of an internal void is suspected. In measuring the cementite the jn- 
tention was to exclude only the carbide which had apparently been 
in solution at high temperatures but to include small, often spherical, 
remnants which evidently were present at high temperature. Our 
data are shown in Table IT. 
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Table 


. Volume Per Cent Carbide 
Density Volume 








Specimen gm/cm? Total Volume Metal Matrix 

1652-M1 7.695 22.1 22.1 
M2 7.621 21.4 21.8 
M3 7.548 11.4 11.8 
M4 7.439 2.7 2.8 
M5 7.486 0.4 0.4 
M6 7.704 and 7.695 20.7 21.1 
M7 7.626 Byul 17.5 
M8 7.565 14.5 14.8 
M9 7.509 5.7 5.9 
M10 7.490 0.2 0.2 

























Although Smith and Palmer regard cementite as practically ab- 
sent in M5 and M10, this is not rigidly true. We point to this fact in 
demonstration of our oft repeated warning that the disappearance of 
primary cementite is a very insensitive means of deciding when the 
“first stage” graphitizing action is complete. 

In connection with the following treatment of the available data 
we must absolve Smith and Palmer from any responsibility in con- 
nection with errors of judgment or interpretation. The data can be 
evaluated as follows: We know the density and hence the specific 
volume, at room temperature, of the but slightly graphitized material 
at the beginning of graphitization, since we know the expansion in 
heating to 925 degrees Cent. (1700 degrees Fahr.) we know also the 
specific volume at 925 degrees Cent. and since we know the ex- 
pansion at 925 degrees Cent. of the specimens which have been 
partially graphitized we can compute their specific volumes if we as- 
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sme no loss of weight or if, alternatively, we consider the weight 
to be reduced by the amount of decarburization. It is not certain 
whether the apparent decarburization is actually due to oxidation or 
whether it is due to loss of graphite in sampling. It will appear 
later that we do not have to be careful in our choice for the resulting 
difference is insignificant except in one case. 

Since we know the graphite content (in choosing either the re- 
ported values or the value which Smith and Palmer call Fe,C graphi- 
tized according to the choice we have made in the matter of loss of 
weight) and since the density of graphite at 925 degrees Cent. (1700 
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Fig. 1—Relation of Combined Carbon to Specific Volume 
at 925 Degrees Cent. (1700 Degrees Fahr.) of the Metallic 
Matrix of Partially Graphitized White Cast Iron. 


degrees Fahr.) is possibly 2.20 (5) we can compute the volume of 
graphite in a gram of alloy and hence also the volume of metal by 
deducting the graphite volume from the specific volume of the alloy. 
We know the weight of metal per gram of alloy for it is one gram 
less the weight of graphite considered present and hence we can 
calculate the specific volume of the metallic portion of each alloy. 
These values have been calculated and plotted in Fig. 1 against the 
combined i.e,, agraphitic carbon content of the metal of the alloy 
i.e., the observed “combined” carbon divided by 1 less the amount of 
graphite considered present. 

The metal of the alloy consists, at 925 degrees Cent. (1700 
degrees Fahr.) of two phases, cementite and solid solution. If these 
remained unaltered in composition and structure, the cementite 
merely being converted into iron and graphite and the iron so formed 
saturating itself at the expense of more cementite or some graphite, 
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there should be a rectilinear relation of agraphitic or combined ¢,, lik 
bon to specific volume. This is not the case as was already pointe: co 
out by Smith and Palmer on the evidence of a lack of proportionality, lir 
between graphite formed and expansion. ce 

The data may, however, be represented by two straight ine tel 
without any great contradiction except for specimen M10 if the ear. eX 
bon loss be deemed chemical. For the moment we offer the ty, th 
dotted lines of Fig. 1 only tentatively as illustrative of what migh re 
be going on. The simplest though not the only explanation of sych " 


a locus is that below 1.20 per cent combined carbon ; the metal matrix 
consists of one pair of phases and above that value, of another, || 
the representation of Fig. 1 is justified and if we may assume that 
the solubility of carbon from graphite is a little over 1 per cent at 
925 degrees Cent. (1700 degrees Fahr.) and about 1.25 per cent 
from cementite as they would be if no copper or silicon were present, 
then the specific volume of the solid solution of the stable systen 
will be about 0.1351 and of the metastable system about 0.1338 and 
the break comes very nearly at the point corresponding to the con 
centration of carbon in saturated austenite. An extrapolation to the 
specific volume of cementite can be made which leads to a specific 
volume of cementite of 0.1398 if the carbon concentration be 62) 
per cent as is classically assumed. Correcting these densities for a 
thermal expansion of 4 per cent assumed to apply equally to all 
phases we obtain the densities of Table III, the solutions being sat 
urated at 925 degrees Cent. (1700 degrees Fahr.). 


Table Ill 


Stable Metastable 

Solution Solution Cementite 
Specific Volume at 925 degrees Cent. (1700 degrees Fahr.) 0.1351 0.1338 0.1598 
Density at 925 degrees Cent. (1700 degrees Fahr.) 7.40 7.47 7.15 
Density at 26 degrees Cent. .70 7.77 7.43 


~~ 














All of these results are at least possible. An extrapolation for the 





density of the carbide phase present below 1.25 per cent combined 
carbon becomes quite uncertain for we do not know much about its 
possible composition. If the carbon content be that of cementite, 
a specific volume of 0.1063 is indicated if it be around 9 per cent, for 
which there is some evidence in the reference, it should be about 
0.0935. In either case remarkably high values near 11 are obtained 
for the densities at room temperature. Since there seems to be little 
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likelihood that any arrangement of iron and carbon atoms in space 
could be enormously denser than austenite; the steep slope of the 
line in this region points to the presence of a relatively low carbon 
cementite such as is described in the references as occurring at high 
temperatures, Furthermore, if the carbon content of the cementite 
existing during the beginning of the graphitizing reaction be higher 
than the usual 6.7 for which viewpoint there is much support in the 
references, then its density is lower than that of orthodox cementite 
which in the demonstrated absence of expansion (at least after 


7.75 


Density, 26°C. 


14 
Volume Per Cent Cementite 


Fig. 2—Relation of Density to Volume Per Cent of Cementite at 
Room ‘Temperature of the Metallic Matrix of Partially Graphitized White 
Cast Iron. 


quenching) of the cementite lattice points to a substitutional solution 
of carbon in cementite confirming on the basis of observation the 
conjecture (3) that the solution might be substitutional. 

If we plot the data derived from the observed densities in their 
final room temperature conditions of the several specimens as a func- 
tion of cementite content, a nearly horizontal straight line is obtained, 
there being but a slight increase of specific volume with agraphitic 
carbon content and no discontinuity. One need not, therefore, 
assume that the compositions of the cementite and the transformed 
solid solution are not the same throughout the series or that their 
densities are very different. 

In Fig. 2 the densities of the metal matrix, calculated from the 
density of graphite at room temperature, 2.25 (5) the observed 
amount of graphite and the measured density are plotted against the 
observed percentages by volume of cementite. One observes that, 


except for M1, M2 and M6, the densities are as well represented by a 
horizontal line at a density of 7.735 as by any other locus. M4 is 
omitted because of the apparent error already referred to. One can 
hardly say what the curve should be to the right of 17.5 per cent 
cementite. It is represented in the figure by a dotted curve of no 
particular significance. There might, for example, be a discon- 
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tinuous change at some point between 17.5 and 20 per ce The 
horizontal line probably can have but one significance, name, that 
the density of cementite and of decomposed solid solution jn th 
samples at room temperature is identical except above 20 per cent 
cementite. This having been demonstrated, the combined carbon 
content of the metallic matrix should be a straight line if the 
cementite and solid solution are of constant composition in all the 
samples. 

Fig. 3 representing a plot of combined carbon against volun, 
per cent cementite shows that with the exception of the initial samples 
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Fig. 3—Relation of Combined Carbon to Volume Per 


Cent of Cementite at Room Temperature of Metallic Matrix 
of Partially Graphitized White Cast Iron. 





M1 and M6, none of the data fall on the composition corresponding 
to mixtures of 1.25 per cent carbon in the (decomposed) austenite 
and Fe,C, both being assumed to have the same density and but little 
better on the line representing a mixture of 1 per cent carbon, 
Boydenite and cementite. The heavy straight line is, perhaps, as 
nearly a compromise for all the points as is any curved line that could 
be drawn such as, for example, the dotted line of Fig. 3. If the 
straight line is to be taken as representative of the relationship, then 
the solid solution contained before transformation, about 1.10 per cent 
combined carbon and the cementite contained the carbon content at 
which the line extrapolated toward the right, cuts the ordinate at 
100 per cent cementite, which is about 4 per cent. 
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If the dotted line is taken to represent the facts better, then the 
gnal value of combined carbon is obtained by extending the tangent 
to the curve at cementite = 0 until it intersects the ordinate cementite 

100 at about combined carbon 3.50 per cent. For intermediate 
stages of graphitization the composition of the solid solution and 
cementite are given by the intersection with the zero and 100 or- 
dinates of a line tangent to the curve at the existing cementite per- 
centage. The combined carbon in the solid solution would then 
fall and that of the cementite rise as one approached the starting 
point of graphitization. There are obvious difficulties with any 
assumption of a lower combined carbon than the solubility of carbon 
in Boydenite at 925 degrees Cent. (1700 degrees Fahr.). It is 
of course, possible that some decrease brought about during the heat 


, 


treatment below A, after previous quenching would accelerate sub- 
sequent graphitization (6). 

The curve we have drawn has no significance beyond its own 
terminus and there requires a combined carbon in the decomposed 
solid solution of about 0.80 per cent and in the cementite of about 
7 per cent, results which after all are not so wildly impossible as to be 
meaningless. The point for M2 is not far removed from any line 
which can be drawn through the other points, except M1 and M6, 
and since it also falls near the 7.335 density line in Fig. 2, it is pos- 
sible that it should be included with the later points. In the litera- 
ture (3) quoted a value above 8 per cent is indicated as a probable 
initial value of carbon in cementite after quenching. We may be 
confronted with a mere inaccuracy of extrapolation, an effect of 
copper, an effect of subsequent heat treatment after quenching or a 
decrease in cementite carbon content with progressing graphitization. 
\ttention is invited to the fact that although it is the universal ob- 
servation (7) that the volume of cementite decreases at the begin- 
ning of graphitization before any substantial amounts of graphite are 
liberated; the reverse is the case when M1 and M2 are compared. 
One is strongly inclined to suspect that at such temperatures as here 
used in tempering rearrangements take place below A, which obliter- 
ate the condition normal for 925 degrees Cent. (1700 degrees Fahr.). 
Figs. 2 and 3 must be read as applying to compositions in the “as is” 


condition and not rashly extended to what may have been at 925 
degrees Cent. (1700 degrees Fahr.). 

Further evidence that the volume relations of cementite and 
solid solution existing at 925 degrees Cent. (1700 degrees Fahr.) 
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are not maintained in the specimens in their present condition may be 
had by evaluating the density and combined carbon data at 92: 
degrees Cent. (1700 degrees Fahr.) in relation to the existing volyme 
relation. Figs. 4 and 5 show the relation of density and carbon ip 
unit volume to the volume percentage of cementite. If the solution 
and cementite phases were the same throughout the graphitizing 
process both the locii would be straight lines. Being curved, the 


partial properties of the two phases at a given cementite content may 








Density > G25. 





O 5 10 15 
Volume Per Cent Cementite 
Fig. 4—Relation of Density at 925 Degrees Cent. (1700 Degrees Fahr.) 


to Volume Percentage of Cementite at Room Temperature of Metallic 
Matrix of Partially Graphitized White Cast Iron. 
























be determined as before by drawing a line tangent to the locus at 
the point under consideration and noting its intersection with the 
ordinates at zero and 100 per cent cementite. 

Such a treatment shows that the density of cementite increases 
from about 6.7 when the temperature of 925 degrees Cent. (1700 
degrees Fahr.) is first attained to about 8.2 when graphitization is 
nearly complete. Although not absolutely incredible within them- 
selves, these figures are not in accord with the direct calculations 
from Fig. 1 which show that the density of cementite in the early 
stages of the reaction is probably not above 7.15 at 925 degrees Cent. 
(1700 degrees Fahr.) as shown in Table III. The solid solution 
density ranges from 7.6 in the beginning to 7.4 when graphitization 
is almost complete as against a value between 7.40 and 7.47 in Table 
III which may be considered fair agreement at least except for the 
values in the early stages of graphitization. If we combine the partial 
density of the two phases with their partial carbon content per unit 
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volume, both derived as just indicated from Figs. 4 and 5, then we 
Gnd that the carbon content of the cementite phase decreases from 


i 
<olution increases from about zero (or perhaps even a small negative 
value) to 1.08. 


Now since no increment of carbon in the solid solution should 


11.3 to 3.9 per cent as graphitization goes on and that of the solid 


occur during graphitization and since further no concentration of 
carbon below around 1 per cent seems possible, it is evident that the 
course of the curves in Figs. 4 and 5 is not that which would have 





Y--f 


aerbon in M 


: 10 20 
Volume Per Cent Cementite 


Fig. 5—Relation of Carbon Concentration Per Unit Volume at 925 
Degrees Cent. (1700 Degrees Fahr.) to Volume Percentage of Ce 
mentite at Room Temperature of -Metallic Matrix of Partially Graph 
itized White Cast Iron. 


existed had we had the cementite volumes as they existed at 925 
degrees Cent. (1700 degrees Fahr.). The consistency of results at 
least below 20 per cent cementite and of the data at 26 degrees Cent. 
makes one believe that the planimetric work is in fact reliable for 
the specimens as they exist in the samples when measured. It appears 
that a shift of the earlier cementite contents toward higher values 
might have yielded more nearly possible values whence one is led to 
suppose that the cementite occupies a relatively larger volume at 
high temperature than at room temperature, possibly with a cor- 
responding change of carbon content. A comparison of Figs. 1 and 
2 will show at once that alloys high in cementite contract more in 
passing from their state at 925 degrees Cent. (1700 degrees Fahr.) 
to that at which the specimens existed than do intermediate alloys 
but that the contraction for very low cementite alloys again increases. 
It is thought that these differences are in part due to changes in the 
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character of the cementite and reflect themselves as errors jy 












evalu- 

ating the two figures last considered. 
The density of cementite from Fig. 2, i.e., 7.335, is somewhat 
less than the accepted value. From the lattice parameter the density 


should be 7.84. There is thus reason to believe that the cementite 
in the “as is” condition is less dense than that upon which the reported 
spectrometric data of Wever were based. The density of cementite 
as arrived at from a study of the relation between carbon content and 
density of white cast iron is usually found at about 7.66. 

In combining Figs. 4 and 5 to obtain a curve correlating dep- 
sity (hence specific volume) with agraphitic carbon content one would 
merely eliminate mathematically the work on volume percentage 
of cementite and get back to Fig. 1 which was constructed from the 
same original data for density and agraphitic carbon which were 
also used in Figs. 4 and 5 and which did not include any reference to 
volume percentage of cementite. One may then well ask for an 
explanation of the anomaly that from Fig. 1 we concluded that the 
cementite phase was Fe,C and from Figs. 4 and 5 we conclude that 
the cementite phase is probably of variable composition. 

The statement that the simplest, but not the only, interpretation 
of a straight line in Fig. 1 is that the system consists at all times of 
the same two components was advisedly made in anticipation of this 
contingency. An alternative assumption not inconsistent with Fig, | 












is that the cementite phase is not of constant composition (and 
density ) but is continuously variable with the restriction that 
l 


—— = 0.1324 + 0.0011 « Per Cent Carbon 
p 




















i.e., that the specific volume (or reciprocal of density) is by 0.0011 
higher than 0.1324 for every per cent of carbon in the cementite 
phase. Mathematically the same conclusion holds for the austenite. 

Metallurgically, there is no good explanation for postulating any 
changes of composition of the austenite but the reader needs not to 
be reminded that from the method of graphic solution by drawing 
tangents, one of the phases cannot be of variable composition unless 
the other is also. 

Although we have in Fig. 3 some reasonably good suggestion 
that the cementite is actually Fe,C in the tempered specimens, as one 
might expect, we lack any satisfactory basis for deciding directly or 
indirectly what rearrangements of volume and composition the so- 
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1936 


lntion and carbide phases suffered during tempering. In interpreting 


3 the reader may consider that the line marked “1 Per Cent 


ig. . . “4, . *,* ep 
sovdenite plus Fe,C” represents also quite closely the conditions if 


the solid solution had been of metastable eutectoid composition at 
the moment of crossing the A, line (8). 

The data are neither sufficiently numerous nor sufficiently pre- 
cise to warrant strictly quantitative conclusions. The following are 
offered as applying to the copper-bearing alloy investigated and prob 
ably also to the more usual white cast irons. During the process 
of oraphitization at 925 degrees Cent. (1700 degrees Fahr.) the solid 
solution changes from one in equilibrium with cementite to one in 
equilibrium with graphite. The saturated metastable solution is 
higher than saturated stable solution. The changes in composition and 
density of austenite and cementite during graphitization have not been 
accurately followed because of the absence of quenched specimens. 
If there are progressive changes of composition they are restricted 
in such a manner that for both phases 


(0.1324 + 0.0011 x Per Cent Carbon), : 


at all times. 

Specimens cooled quickly from 925 degrees Cent. (1700 de 
grees Fahr.) and subsequently tempered below A, consist of Fe,C 
and pearlite (granular) of eutectoid concentration. During temper- 
ing the carbide and (decomposed) solid solution phases experience 
changes of volume and probably of composition and density. 

The transition from solid solutions of the austenite to those of 
the Boydenite type occurs fairly sharply at that agraphitic carbon 
content where cementite should vanish in view of the agraphitic 
carbon content of the alloy. In fact, however, some cementite sur- 
vives this stage, representing the agraphitic carbon difference be- 
tween saturated austenite and Boydenite and traces persist until 
stable equilibrium is reached. Very probably both systems coexist 
over an appreciable interval in the neighborhood of the transition 
point. 
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DISCUSSION 


Written Discussion: By R. H. Harrington, research laboratories, Ge 
eral Electric Co., Schenectady, N. Y. 

This paper indicates a very valuable continued interest of the authors } 
the subject of the possible “variable composition of cementite” in steels and 
cast irons, 

The writer confesses that, after carefully reading the paper, his mind js 
a bit confused as to just what were the definite conclusions derived by th 
authors. For instance, the authors state (on page 559) that “we may be con 
fronted with a mere inaccuracy of extrapolation, an effect of copper, an effect 
of subsequent heat treatment after quenching, or a decrease in cementite car 
bon content with progressing graphitization.” The writer feels that scarcely 
one of these has been definitely proved or eliminated by the data presented. 
After all, this merely indicates the complexity and difficulty and intriguing 
appeal of this research. 

Thére are some specific points to be noted: 

1. No photomicrographs are shown to indicate the structures measured b) 


the planimeter. 
) 











2. The etching reagent, used to develop such structure, is not indicated 

3. The magnification employed for measurement is not stated. If this 
was too low, there could result inaccurate measurements; if too high, sections 
might not be truly representative of such structures (as are shown by Smit! 
and Palmer). 

4. Could a copper-bearing precipitated phase (as shown in photomicro- 
graphs by Smith and Palmer, reference No. 4) cause difficulties in planimetric 
measurements or in density determinations ? 

5. In Fig. 1, from a purely statistical viewpoint, the data might well be 
considered insufficient to justify the representation by two straight lines rather 
than one. 







6. The abstract fails to mention that a copper-bearing alloy was studied 
and hence implies that the statements made therein apply to an ordinary malle- 
able iron. Smith and Palmer have shown that the copper affects the rate oi 
graphitization and Sauveur states that copper tends to lower the critical points. 
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facts might indicate also that copper very probably affects the composi 


Cs 


Hon of the phases involved. 


7. There may be a matter of definitions involved. It might be well to 
define cementite as a compound containing 6.67 per cent carbon, for which 
there is considerable reason and substantiation. Granting this, the statement 
‘1 the abstract that “the cementite decreases progressively in carbon content” 
uld be changed. This may be more a matter of a non-equilibrium structure 


cl 
‘nvolving variable mixture of FesC molecules and additional atoms of carbon 
+ of iron, dependent upon reaction and diffusion rates, rather than a “phase” 
consisting of an established compound, but one of variable composition as 
seems to be implied at times. 


One of the corollaries of the general theory of research into any one 


problem is that such research must inevitably lead to other intriguing and 


fundamental problems. It is to be hoped that the authors will continue this 
fine work which they have so well started. 


Oral Discussion 


L. L. Wyman’ There is one point about the method of measurement 
to which I should like to call attention. In the paper the authors have used 
the planimetric method for the determination of carbide sizes, and in that 
connection, quite.a number of years ago, in determination of particle size on 
very fine powders, it was found that by taking a micro-section of these pow- 
ders mounted in a suitable medium and measuring the diameter visible in the 
microscope, the truth was not arrived at, and to get the truth of the matter 
it was found that a factor of 0.78 was necessary in determining the actual 
diameters of these particles. Thus, there is a possibility that unless the 
authors have taken this into consideration, they might have been 20 per cent 
in error in the original data which they obtained. 

C. H. Junce: A full reply to the discussion will be in writing at a later 
date, but I can answer some of these questions now. In the first place, our 
density measurements on Fig. 1 were arrived at by computation from the 
initial specimens in the two series, so that all of our work on specific volume 
goes back to the density of specimens M-1l and M-6, with adjustment for the 
expansion up to 925, and to the expansion of 925 during the graphitizing reac- 
tion. Our measurements with the intercept planimeter were made on photo- 
micrographs which were at 300 diameters, The original negatives were taken 
on 100 diameters on a specimen which had been etched in nitric acid, and 
then these negatives enlarged three times to give 300 diameter photograph to 
be used on an intercept diameter. 

Unfortunately, these specimens were drawn at 650 degrees Fahr. which 
instead of giving a good dark troostitic matrix, which we would have pre- 
ferred, there was a matrix which was more or less spheroidized, and hence, 
our determinations were perhaps not as accurate as they would have been if 
we had drawn them at a lower temperature in order to get a troostitic matrix. 


Authors’ Written Closure 


Mr. Junge has already replied in part to certain features brought up by 


‘Research Metallurgist, General Electric Co., Schenectady, N. Y. 
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those who have kindly discussed this paper. In further rep! + be. 
Wyman it may be said that we suppose from his rather brief stat, 
the problem represented the measurement of the diameter of th, 
intercept of a sphere, the intercept being at a random distance from 
of the sphere and all of the sphere to be assumed to be of the same . 
It is perhaps possible that Mr. W'yman’s brief description has not 9; 
complete understanding of the point he is raising but admitting th 
wr 
the case, the area of a semicircle is ———— ; its total height at right ano} 
? 
to the plane of reference is r, therefore the mean value of the int 
Tr T TT 
cord is ———— which is times the diameter of the circle ( - 0.78 
2 4 4 

It is to be noted that in Mr. Wyman’s problem the question was ; 
proceed from the average diameter of an intercept to an average diameter 0; 
a sphere; no similar problem can arise in the present case for the planimete; 
measuring simultaneously the areas of both phases, the sum unavoidably comes 
out 100 per cent. It seems impossible, therefore, to compare these condition: 
with those quoted by Mr. Wyman and his comment is believed to be inte: 
esting but inapplicable. 


C Center 
ilameter 


Cll us ; 


reepted 





We have in the past repeatedly dealt with intercept plainimeter work. |; 
was described in some detail in replying to Dr. Harrington’s discussion o| 
the third reference of the present paper. Since our technique is substantiall) 
the same in all of our planimeter work, it appears that a reference to this 
earlier discussion is all that is necessary to supplement Mr. Junge’s repl; 
from the floor. 

In the third reference we have also attempted to define what we belie: 
to be a satisfactory use of the words cementite and iron carbide. It is definitel) 
our opinion that the white homogeneous phase which the metallographer calls 
cementite is not of constant composition. The best interpretation of our entir: 
investigation which we found it possible to make is contained in the last two 
paragraphs. Dr. Harrington’s quotation from our page 559 is in reference on! 
to the possible significance of a single one of our figures to which we were 
not able to assign one incontestable interpretation. 

We do not happen to agree with Dr. Harrington that Fig. 1 admits o! 
representation by a single straight line as plausibly as by the intercepting oi 
two straight lines. 

While it is true that we have not in the abstract mentioned the fact that 
our alloy contained copper, we trust that this has not been the occasion of 
much inconvenience for the second paragraph of our paper apprises the 
reader of that fact and the matter is again emphasized toward the close ol 
the paper before presenting the conclusions. 

If any existing iron-copper compounds change their density by heat 
treatment then we are not in a position to make suitable interpretations 0! 
the effect of such changes. It is our impression from Smith and Palmer's 
work here quoted that the lack of agreement between dilatometer reading: 
and graphite content is not peculiar to copper-bearing alloys and therefore th 
effect cannot be ascribed primarily to the presence of copper compounds. 
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ARC WELDING OF HIGH CARBON 
AND ALLOY STEELS 


3y T. N. ARMSTRONG 


Abstract 


In welding high carbon and alloy steels by the arc 
process, the heat from the arc causes formation of a hard- 
ened zone in the base adjacent to the deposited metal. Un- 
equal cooling strans set up in the deposit and the base 
cause cracks to occur in this heat affected zone. Heating 
the base prior to welding prevents welding cracks but pre- 
heating does not appear to improve bending properties of 
the weld, and apparently affects impact properties in the 
base metal and in the weld adversely. 


HE metallic arc process for welding metals has advanced rapidly 
Fae the past five years, due principally, to the development of 
electrode coatings that protect both the arc and the molten deposit 
from the atmosphere (1), (2), (3). Deposits are obtained with 
the present covered electrodes that possess mechanical properties 
equal to or approaching the properties of the base (3), (4), (5). 
This development has resulted in a condition that is usually experi- 
enced with new materials and new methods, i.e., limits are placed 
on the application only after serious failures occur in service (6). 

The arc welding process is applicable to most metals but the 
welding of steel is by far the most important. Satisfactory welds in 
low carbon, low alloy steels are dependent upon the skill of the oper- 
ator (7), the condition of the equipment, the quality of the electrode 
and the welding sequence (8), but as the carbon and alloy content 
in steel increases, the metal in the base immediately adjacent to the 
deposit becomes harder. When a certain limit of carbon or alloy con- 
tent is passed this area becomes quite brittle, and although the ap- 
pearance of weld may be satisfactory, careful examination reveals 
small cracks in the zone adjacent to the deposit (9). In the manu- 
facture of pressure vessels (10), (11), (12), weldments and cast- 


'The figures appearing in parentheses refer to the bibliography appended to this paper. 


A paper presented before the Seventeenth Annual Convention of the Soci- 
ety held in Chicago, September 30 to October 4, 1935. The author, T. N. 
Armstrong, is assistant metallurgist at the Norfolk Navy Yard, Portsmouth, 
Va. Manuscript received May 27, 1935. 
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ings, it is the usual practice to subject the part to an ann 
stress relieving heat treatment after welding, but in structural wely. 
ing it is usually impractical to attempt to subject the welds to hea 
treatment. 


Ing Or 


Even though the part may be subjected to heat treatmer; 
subsequent to welding, heat treatment will not prevent welding crack< 


from occurring in high carbon and alloy steels. 


MATERIAL WELDED 





[It is difficult to attempt to definitely determine a limit of analyses 
beyond which cracks occur as there is a range of analyses in which 
welding cracks occur only at times. Steel containing not more than 
0.30 per cent carbon, 0.70 per cent manganese, and no appreciable 
quantity of alloys will not crack on welding except under the most 
adverse conditions. ‘To forestall criticism of selection of this limit. 
it is realized that steels containing appreciably more carbon or small 
percentages of alloys do not always crack, but as it cannot be antici- 
pated with any degree of certainty that cracks will not occur, and as 
these cracks are not always easily discovered, such steels are not 
considered safe for welding. 

Pieces from a steel rail containing 0.52 per cent carbon and 
0.60 per cent manganese were machined to 6 by 2;%q by 1% inches. 
Pieces of a quenched and tempered plate containing 0.29 per cent 
carbon, 0.26 per cent manganese, 3.25 per cent nickel and 1.35 per 
cent chromium were machined to 6 by 6 by 5% inches. These two 
steels were selected to represent high carbon steel and alloy steel as 
it had been determined that steels of similar analyses could not b 
welded satisfactorily. Better comparison could have been made had 
the mass of the specimens been the same but as it was desired to 
make certain specific tests on the alloy plate, specimens from this 
material were cut to the desired size and specimens from the rail 
were made as large in cross section as the material available would 
permit. The alloy steel will be referred to as plate and the carbon 
steel as rail. The electrodes used were organic coated, mild steel, 
usually classed as heavily coated all position electrodes. As there 
are several establishments that manufacture this grade of welding rod 
the brand name is of no consequence. 


WELDING PROCEDURE 


A single bead was welded in the center for the entire length of 
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each specimen, Beads were welded with Y, 4*y, and 4%, inch elec 


6 
‘rodes to determine the effect of electrode size, and with 4°5 inch 
electrodes on pieces heated to different temperatures to determine 


the effect of heating the base prior to welding (12). One section of 


plate was welded with two beads (Fig. 25) to determine the effect 


of the second or annealing bead on the affected zone in the base. The 
heated specimens were welded immediately upon removal from the 
furnace. Obviously there was some drop in temperature from the 
time the specimens were removed from the furnace to the time weld- 
ing was completed, causing the true temperature to be less than the 
apparent temperature, however, the relation of the temperatures in 
the pieces during welding is believed to be the same as if no loss in 
temperature had occurred. After welding, sections were cut from 
each piece for microscopic examination and for hardness determina- 
tions (Figs. 1, 2, 3, ete.). In addition pieces were taken from the 
plate specimens for impact tests. Pieces for microscopic examination 
and hardness tests contained the bead, the heat affected zone, and a 
portion of the unaffected base. ‘The beads on the impact specimens 
were ground flush with the top of the plate. Several bend test 
specimens were prepared by welding a piece of mild steel 3 by 2 by 
% inch to pieces of the plate 12 by 2 by ™% inch. The mild steel 
was welded along the edge by a double layer fillet on each side, 
across the center of the plate. The first layers were welded immedi- 
ately after the alloy strips were removed from the furnace and the 
second beads were welded as soon as the slag was cleaned from the 
first beads, care being taken to prevent the second bead from touch- 
ing the alloy plate. After welding, the mild steel combing was cut 
off just above the weld and the welded specimens machined to 134 
inch wide to remove the undercut at the ends of the beads. These 
pieces were bent by placing on supports 6 inches apart and applying 
the force through a l-inch round bar laid immediately under the 
welded combing. 

Pieces of both plate and rail were heated to 1600 degrees I ahr. 
(870 degrees Cent.) and quenched in water. ‘These pieces were 
then tempered at the same temperatures as the preheating tempera- 
tures. The structure and hardness of these pieces were compared 
with those of the affected areas of the welded specimens. 


Heat AFFECTED ZONE 


In steel welded by the are process, there occurs in the base a 
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definite heat affected area, extending from the bottom of the 4, 
posit to the portion of the base in which the temperature is the te, 
perature of the lower transformation point. This is the 


apparent 
affected zone and it is visible in all welded steel. 


The true affected 
zone extends beyond the apparent zone to that point in the bac 
where the temperature does not affect the properties of the base, | 


annealed steels the apparent affected zone and the true affected zo), 
are the same, but in quenched and tempered steels the true affecte, 
zone extends beyond the apparent affected zone to a point in the 
hase where the temperature is the same as the original tempering 
temperature. If the base is cold at the time of welding and coy 
tains more than the safe limit of carbon and alloys, the apparent 
affected zone is composed principally of martensite. The metal jy 
this area has been heated to above the critical range by the tempera- 









ture of the arc and rapid cooling by conduction has an effect similar 
to that obtained by quenching. Cracks form in the apparent affecte« 
zone due to the inability of martensite to resist unequal cooling strains 
that occur in the deposit and in the base. If the base is heated prior 
to welding, the cooling rate in the affected zone is decreased, pre 
venting or inhibiting martensite formation. 


is not formed, welding cracks do not occur. 












Usually if martensite 
In welds consisting of 
two beads, the apparent affected zone due to the last bead does not 
extend to the bottom of the first bead, however, the true affected zone 
extends beyond the initial bead into the base and usually, the tem 
perature is sufficient to temper the martensite resulting from the 
first bead. But multiple layer welds do not prevent welding cracks 
as these cracks are caused by the first bead and the cracks usually 
have formed before the second bead can be deposited. Neither does 
heat treatment prevent cracks as the weld cannot be treated before 
the cracks occur. 

The extent of heat affected zone is easily determined in the 
macrostructures but better comparison can be made by observing the 
values in Tables I and II. These data show that the depth of the 
heat affected area increases with the preheating temperature. The 
results due to electrode size are rather conflicting but it is logical to 
assume that the area increases as the electrode size increases as more 
heat is generated with the larger size rods. Rather surprising are 
the data showing that neither the electrode size nor the preheating 
temperature appears to have appreciable effect upon the penetration 
of the deposit. 
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Table | 
Weld Affected Area 














Size Rod Temperature Depth of Apparent Af- Penetration 
~ Dia. in of Base. fected Area. of Bead. 

Inches Degrees Fahr. Rail Plate Rail Plate 
Approximately 35 0.0625 0.0781 0.0781 0.0625 
Approximately 35 0.0781 0.0938 0.0625 0.0938 
Approximately 35 0.0625 0.1094 0.0781 0.0781 

200 0.0781 0.0938 0.0625 0.0626 
400 0.0625 0.1094 0.0938 0.0781 
500 0.0939 0.1250 0.0625 0.0781 
700 0.1094 0.1406 0.0781 0.0781 
* 1000 0.1719 0.2031 0.0625 0.0781 







1250 0.2656 0.2813 0.1094 0.0781 









Roth steels cracked when welded cold or when welded at tem- 





perature below 500 degrees ahr. (260 degrees Cent.). Cracks could 






not be detected in any piece that had been preheated to or above this 





temperature. 






HARDNESS OF THE WELD 






There is no doubt that occurrence of cracks is directly related 






to hardness of the affected zone. Results in Table II show that 





hardness of this area decreases only slightly with increase in size 





of electrode but it decreases noticeably as the preheating temperature 





is increased. It is interesting to observe that the hardness of the 


bead is directly related to the hardness of the affected zone, al- 





though the increments are not so large because the range of hard- 






ness in the bead is confined to a much narrower range. In deter- 






mining the hardness of the beads, readings were taken at the approxi- 








Table Il 
Hardness Data 










Temper- ,; ——Brinell Hardness Numbers—— 





Welded Rail 











Size ature Welded Plate 
Rod of Base. Hard- Unaf- Hard- Unaf 
Dia.in Degrees Bead ened fected Bead ened fected Treated Treated 
Inches Fahr. Zone Zone Zone Zone Rail Plate 
Ve 35 235-256 470-511 181-208 278-282 423-446 231-235 197 232 
35 215-235 462-557 184-202 243-249 423-487 233-246 640 514 
35 199-208 385-426 177-187 249-280 420-466 245-251 ae oe 
200 243-246 365-487 182-191 280-288 398-446 227-235 ‘682 540 
400 189-193 294-395 179-185 233-237 368-434 229-235 550 477 
500 175-181 230-309 183-186 231-243 354-405 230-237 530 440 
700 173-184 245-272 181-191 207-211 256-368 224-233 461 445 
5 1000 146-162 197-229 181-186 187-198 245-339 227-238 321 302 
a9 1250 147-154 171-215 174-191 203-205 192-333 215-229 226 237 
% and 156-190 
Vy ee Sates oan gag abe eee -161 278-320 224-227 





Condition as received. 
QOuenched from 1600 degrees Fahr. (870 degrees Cent.). 
‘Tempering temperature corresponds to preheating temperature 
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mate center and near the fusion line. Almost without es 


ception, 
readings taken near the fusion line were higher, indicating slip}; 

s 
pick-up of base constituents by the deposit. The hardness of th. 


apparent affected zone was greatest in the area slightly removed 
from the fusion line. This indicates that there is some impoverish- 
ment of base constituents where the base is in contact with the 
deposit. The hardness also dropped off from the maximum as the 
thermal critical line was approached. After crossing the thermal 
line the hardness was usually less than that of points in the unaffected 
base further removed from the weld. In two layer welds the hard- 
ness in the affected area of the first bead was greater than at ay 
other place in the deposit. The area of the deposit beneath the firs 
bead was softer than the second bead and the hardness in the affected 
zone of the base is considerably less than would have occurred had 
the deposit consisted of a single layer. Hardness values listed in 
Table I] are the mean maximum and minimum obtained from the 
four to seven readings taken with a Vickers-Brinell machine. 


STRUCTURE IN THE AFFECTED ZONE 


Examination of the photomacrographs (Figs. 1 to 6) shows 
that the grains in the affected area adjacent to the deposit are ex- 
tremely large. These large grains are the result of fusion of this 
area of the base by the heat from the arc. As the preheating tempera- 
ture is increased, these grains appear to grow smaller, but examina- 
tion at“high magnifications shows that in reality the primary grains 
have not decreased in size, but with the change of constituents re- 
sulting from slower cooling rates, the structure appears to be fine- 
grained when viewed at low magnification. It is interesting to ob- 
serve the difference in the microconstituents of the two metals in the 
affected zone (Figs. 7 to 12). This zone in the plate appears to be 
composed entirely of martensite after welding cold or if the pre 
heating temperature has not reached 500 degrees Fahr. (260 degrees 
Cent.). At 500 degrees Fahr. (260 degrees Cent.) there appears to 
be some troostite although this constituent is not clearly resolved and 
with higher preheating temperature, even with considerable marten- 
site present, this constituent appears to be more sorbitic than troost- 
itic. With preheating temperature of 1250 degrees Fahr. (675 
degrees Cent.) there appears to be some martensite formed. The 
rail, although containing some troostite in the affected zone when 
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WELDING ALLOY STEELS 


i ] i &- h Rod. 
rig. 1—C Rail Welded with %-Inc 
re: 2 Cold Rail Welded with 75-Inch a x 
Fig. 3—Cold Rail Welded with yy-Inch Rod. X 


welded cold, possesses greater hardness than the ee _— 
tity of troostite increases with the preheating tempera et isc 
degrees Fahr. (260 degrees Cent.) ee oe Sere | 
at the grain boundaries. At 700 degrees Fahr. (370 degree: | 
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Fig. 4—Cold Plate Welded with %-Inch Rod. > 5. 

Fig. 5—Cold Plate Welded with #;-Inch Rod. 5. 

Fig. 6—Cold Plate Welded with #y-Inch Rod. xX 
martensite has entirely disappeared and at 1250 degrees Fahr. (675 
degrees Cent.) the structure is composed of ferrite, pearlite and 
troostite. In no instance is there evidence of sorbite in the welded 
rail. 


The structure of the plate, in the as-received (Fig. 32) condi- 
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Fig. 7—Microstructure Rail in Affected Zone—'%-Inch Rod. X 500. 
Fig. 8—Microstructure Welded Rail in Affected Zone—;-Inch Rod. X 500. 
Fig. 9—Microstructure Welded Rail in Affected Zone-—yy-Inch Rod. X 500. 
Fig. 10—Microstructure Welded Plate in Affected Zone—'%-Inch Rod. x 500. 
condi- Fig. 11—Microstructure Welded Plate in Affected Zone—y,-Inch Rod. X 500. 


“Ss 


Fig. 12—Microstructure Welded Plate in Affected Zone—jy-Inch Rod. X 500. 
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Fig. 13—Rail Preheated to 200 degrees Fahr. and Welded with gy-Inch Rod. 
Fig. 14—Rail Preheated to 700 degrees Fahr. and Welded with gy-Inch Rod. 
Fig. 15—Rail Preheated to 1250 degrees Fahr. and Welded with yy-Inch Rod. 
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Fig. 16—Plate Preheated to 200 degrees Fahr. and Welded with gy-Inch Rod. 
Fig. 17—Plate Preheated to 700 degrees Fahr. and Welded with 4-Inch Rod. 
Fig. 18—Plate Preheated to 1250 degrees Fahr. and Welded with yy-Inch Rod. 
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. 19—Rail in Affected Zone Preheated to 200 Degrees Fahr. 
. 20—Rail in Affected Zone Preheated to 700 Degrees Fahr. 
. 21—Rail in Affected Zone Preheated to 1250 Degrees Fahr. 
. 22—Plate in Affected Zone Preheated to 200 Degrees Fahr. 
"ig. 23—Plate in Affected Zone Preheated to 700 Degrees Fahr 
‘ig. 24—Plate in Affected Zone Preheated to 1250 Degrees Fahr 


All Welds Made with g4-Inch Rod. All Photomicrographs 
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tion, was composed of very fine sorbite that could not be completely 
resolved by the microscope. ‘This steel had previously been treated 
by quenching from above the critical and tempering at 900 degrees 
Fahr. (480 degrees Cent.). The structure of the rail (Fig. 29) was 
coarse-grained and consisted of free ferrite and pearlite. Structures 
resulting from quenching the pieces from 1600 degrees Fahr. (870 
degrees Cent. ) and tempering at the same temperatures as the pre- 
heating temperatures were quite different from the structures in the 
affected zone of the welded pieces. The quenched plate contained 
only martensite but it was finer grained than the martensite in the 


pieces welded cold. The quenched rail contained both martensite 


and troostite but apparently more martensite than the welded piece. 
Martensite appeared to be entirely broken down in both steels by 
tempering temperatures above 400 degrees Fahr. (200 degrees Cent.). 
At 1250 degrees Fahr. (675 degrees Cent.) both steels are entirely 
sorbitic. It is quite interesting to observe that the troostite formed 
in the rail on welding is quite different in appearance from the troost- 
ite formed by quenching and tempering. 


EFFECT OF PREHEATING ON IMPACT VALUES 


The impact values, Table III, both in the weld and in the area 
away from the weld decreased appreciably when the preheating tem- 
perature exceeded 200 degrees Fahr. (100 degrees Cent.), but ap- 


Table Ill 
Izod Impact Results on Alloy Steel Plate 


Size Rod Temp. of Notched (1) Notched 
Dia. in Plate Across Weld at Weld (2) Notched (3) Notched 
Inches Deg. Fahr. Ft.-Lbs. Ft.-Lbs. in Plate in Plate 
43.0 33.0 61.0 52.0 
39.0 40.0 60.0 51.0 
31.5 52.0 58.0 50.0 
35.0 35.0 59.0 53.0 
27.0 io 31.0 9.0 
23.0 ba at 32.0 28.0 
25.0 ere sae 29.0 
1000 23.0 as 36.0 30.0 
1250 21.0 ae 35.5 31.0 


(1) Notched on opposite side from weld immediately below weld. 
(2) Notched in plate same side as weld but in unaffected area below weld. 
(3) Notched in plate side 90 degrees from weld in unaffected area above weld. 


parently preheating to 1250 degrees Fahr. (675 degrees Cent.) had 
no more effect than heating to 400 degrees Fahr. (200 degrees Cent.). 
The writer is at a loss to explain why the impact values fall off so 
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Fig. 25—Cold Plate Welded with %-Inch and %-Inch Rod—Two Beads. x 5. 
Fig. 26—Microstructure in Top of Bead of Plate Welded with Two Beads. x 100. 


Fig. 27—Microstructure in Affected Zone of Bottom Bead of Plate Welded with Two 
Beads. xX 100. 


Fig. 28—Microstructure in Affected Zone of Plate Welded with Two Beads. 100. 


greatly, particularly in the unaffected area, when preheating was 
conducted at temperatures considerably lower than the original tem- 
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pering temperature of the plate. The impact values at the welds 


were considerably less than in the unaffected area. At the welds, 
impact values decreased as the preheating temperature increased. 
Whether the specimen was notched in the weld or on the side op- 
posite to the weld did not appear to affect the results appreciably. 
When notched on the welded side it was necessary to grind the 
notches in as the metal was too hard to attempt to machine. 


Errect oF WELDING ON BENDING PROPERTIES 

A piece of plate of 1 by % inch section was bent to 180 degrees 
around l-inch diameter prior to welding. <A similar specimen that 
had had a bead welded across the top, bent to 15 degrees. By 
heating the specimen prior to welding the angle of bend was in- 
creased to as much as 60 degrees. These results indicate that pre- 
heating improves the bending properties but results of bending the 
pieces with the weld attached mild steel combing show conclusively 
that preheating does not improve the bending properties of this 
type of weld. Welding cracks were prevented in these pieces by 
preheating the plate and as each specimen was welded with double 
layer welds, it was anticipated that there would be no martensite 
present, however, on machining these specimens after welding it 
was necessary to grind the welds on specimens that had been pre- 
heated below 1000 degrees Fahr. (540 degrees Cent.). This indi- 
cates that the heat from the second bead is not always sufficient to 
temper the affected zone in the base. 

In attempting to develop a method of welding wrought high 
carbon and alloy steels by first preheating the base, it was realized 
that preheating temperature would have to be limited to the temper- 
ing temperature of quenched and tempered steels. It was also real- 
ized that distortion would increase with the preheating temperature. 
Such success had been experienced with the preheating method for 
welding hard steel castings that it appeared to be quite simple to 
extend the method to wrought steels. It was most surprising to find 
that instead of being beneficial, other than preventing welding cracks, 
preheating not only affected the properties of the weld adversely 
but appeared to embrittle the steel in areas that were unaffected 
by the weld. In the final analyses proof of any weld is the man- 
ner in which it acts under service conditions. The specimens pre- 
pared by welding a piece of mild steel to the plate assimilate a very 
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Fig. 29—Microstructure of Rail As-Received. Xx 100. 
Fig. 30—Microstructure of Rail Quenched at 1600 Degrees Fahr. Not Tempered. X 100. 
Fig. 31.—Microstructure of Rail Quenched at 1600 Degrees Fahr. Tempered 1250 
Degrees Fahr. xX 100. 
Fig. 32—Microstructure of Plate As-Received. x 100. ‘. 
Fig. 33—Microstructure of Plate Quenched at 1600 Degrees Fahr. Not Tempered. X 500. 


Fig. 34—Microstructure of Plate Quenched at 1600 Degrees Fahr. empered 1250 
Degrees Fahr. xX 500. 











xX 100. 


ered 1250 


Oe ae 
ered 1250 





1936 ARC WELDING ALLOY STEELS 583 


popular type of welded joint. It is admitted that the method of 
testing these specimens is rather severe yet results indicate what may 
be expected of the welded structure. Also, steel that is safe for 
welding, when subjected to this test, gives very satisfactory results. 
This same type of specimen has been made of rolled steel containing 
considerably less carbon than the rail, and on rolled alloy plate that 
contained considerably less alloy than the above plate, and the alloys 
other than nickel and chromium. These steels contained more car- 
bon or more alloy than was considered safe for welding. Results 
of these tests were similar to the results obtained with the treated 
nickel-chromium steel plate. All of these results indicate that weld- 
ing of high carbon and alloy steels is, at best, not satisfactory if the 
steel is to be used in structural members. 


CONCLUSION 


This investigation has resulted in the collection of considerable 
data, most of which are negative; however, it is believed that these 
data add to the present knowledge of the arc welding process, and 
indicate the necessity of limiting arc welding to the softer steels. No 
matter what type of electrode is used, brittleness will occur in the 
heat affected zone of the base metal if the carbon or alloy content in 
the base is above the limit safe for welding. The properties of the 
deposit may be controlled by electrode composition but brittleness 
in the affected zone of the base is controlled by heat (cooling rate) 
and by the chemical composition. It appears that future efforts will 
have to be directed toward development of alloy steels that will be 
free from martensite in the affected zone on welding. Some progress 
has already been made in this direction, as several manufacturers are 
now offering low alloy steels of low carbon content, but the strength 
of these steels is somewhat limited (13), (14), (15). It is probable 
that the answer will be found, not by limiting the carbon but by 
proper alloy combination. If air hardening of chromium steels can 
be controlled by titanium additions (16), it appears that titanium 


may prove to be the controlling factor in welding hard steels success- 
fully. 
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DISCUSSION 








Written Discussion: By P. E. McKinney, Bethlehem Steel Co. 
Bethlehem, Pa. 

The author has presented a very interesting and complete analysis of the 
characteristics of electric welds made on air-hardening steel, using one method 
of welding which is fully described. The methods of test used for demon- 
strating the characteristics of parent metal, weld metal and affected zone, have 
been well selected to present data that is readily interpreted. Such methods of 
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examination of cross sections of welds or of weld beads are quite reliable for 
the study of influence of welds on surrounding metal. 

lhe general question of weldability of high carbon and alloy steels is one 
on which considerable difference of opinion has been expressed. Weldability in 
‘ts broadest sense covers a very wide field and it is unsafe to class any mate- 
rial as definitely weldable or unweldable without some consideration of the 
service applications which are contemplated for the welded parts. Even in 
the case of high carbon and alloy steels which are very definitely air hardening, 
welding is entirely safe and practical for building up hard wearing surfaces in 
some parts of equipment which are not subject to severe service stresses which 
would be influenced by the affected underlying zone. It is quite obvious, how- 
ever, that where such a disturbance occurs in all of the physical characteristics 
of the material surrounding the weld as is shown by the author in these in- 
stances, any application of the welded part to service where these characteristics 
are essential, is to say the least, a hazardous undertaking. 

The data presented by the author shows rather conclusively the danger 
of attempting to weld quenched and tempered or specially heat treated mate- 
rial without a very thorough study of the effect of such welding operations on 
the metal surrounding the weld. 

It may be contended that with proper stress relief or heat treatment after 
welding these ill effects can be corrected. This is hardly true as stress re- 
lieving at temperatures below the critical range, while very effective in re- 
lieving mechanical strains, will not correct the disturbances in structural char- 
acteristics such as shown by the author on these samples of air hardening steel. 

The results shown in Table III of the author’s paper on the effect of pre- 
heating temperature on impact properties of the alloy steel plate material, are 
very interesting but are not at all surprising. While the identity and heat treat- 
ment of the plate material used in these tests is not given, the characteristics as 
shown in the test data indicate that the original plate was of material specially 
heat treated to resist impact of high magnitude. The heat treatment given to 
some of these materials is of a very special character to develop these ex- 
traordinarily high impact values and any disturbance of the material by re- 
heating will usually change these values very materially. While temperatures 
as low as 400 degrees Fahr. do not usually affect the material, any tem- 
peratures such as are ordinarily used for preheating in welding, will most 
certainly adversely affect impact values. 

In the author’s work the welding was performed with covered mild steel 
electrodes, therefore, the results reported are not necessarily comparable with 
those which might be obtained with modifications of this practice. In weld- 
ing air hardening steels the use of other types of electrodes is often resorted 
to. Such materials as the austenitic chromium-nickel steels which require 
very much lower amperage for satisfactory fusion and penetration, are often 
used so as to avoid the development of severe hardening under the weld. Some 
of the newer types of electrodes in which part of the alloying materials have 
been incorporated in the coating, have also been found better than standard 
electrodes for certain applications. 


If this same material were tested using variations in technique involving 
the use of other electrodes, it is highly probable that different results than 
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those reported by the author would be obtained but it is reasonably certajy 
that in the welding of material of this character no modifications in welding 
technique would produce results showing a lack of serious disturbance of the 
metal underlying or surrounding the weld. Certainly no assumption shoulq 
be made that this type of material could be welded without such effect ynti 
tests similar to those made by the author had demonstrated these facts 
a doubt. 

There appears to be a wide field for further investigation in the develop 
ment of high strength alloy steels which are capable of being welded withoy 
the development of a hard brittle zone surrounding the weld and at the san, 
time capable of developing the physical properties desired in service. Fyr- 
ther investigation may indicate that certain stabilizing additions may be 
beneficial but this certainly has not been proven up to the present time. 

It appears that this subject is one which merits the close attention of all 
our technical societies interested in the metallurgical and welding characteristics 
of alloy steel. 
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Oral Discussion 


L. C. Breser:’ I would like tu explain the use of bend testing in deter- 
mining the effect of welding on hardenable steels. Fig. A shows the hardness 
of ordinary mild steel base metal when welded with a double headed fillet weld. 
The maximum hardness changed from 150 to 217 Vickers. 
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Fig. A—Effect of Welding on Hardness of Mild Steel Base Metal (0.31% C). Vickers 


Hardness Numbers Shown in Following Tabulation. 














1Formerly Senior Welding Engineer, Bureau of Construction and Repair, U. S. Navy 


Dept., Washington, D. C. At present associated with Carnegie-Illinois Steel Corp., Pittsburgh. 
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entire area, as can be seen from the Vickers impressions on the accompanying 
macrograph, Fig. A, as well as on the coordinate hardness chart above. 
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Fig. B—Effect of Welding on Hardness of High Carbon Steel Base Metal (0.45% C). 
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Fig. B shows a corresponding chart of a 0.45 per cent carbon steel forging 
In this instance, when the welds were applied the standing member broke off. 
It will be noted that the maximum hardness was 517 Vickers, attained by 
merely welding on a 0.45 per cent carbon steel forging. 

Fig. C shows the macro and micro study of that steel. In the hardened 
zone underneath the welding will be noted cracks which extended down into 
the base metal. These can be seen in the other views as well as the martensitic 
structure to the leit. 

In some of our early work tensile investigations of the effect of depositing 
weld metal on high tensile steel were made. In many instances, it was noted 
that failure occurred in the base metal immediately outside of the weld as 
can be seen in Fig. D. This led to the belief that there was a weakness on 
the tension side. 

We then made tee-bend specimens and bent them as shown in Fig. E. 
Failure occurred in the base metal alongside the weld. This is not a test 
of weld metal, it is a test of the base metal. The failure is often manifested 
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Fig. D—Effect of Thickness on Bending of Silico-Manganese Steel. Angle of 
Bend of Upper Piece 90 Degrees Without Failure. %-Inch Stock. Angle of Bend 
of Lower Piece 21 Degrees. %-Inch Stock. 


Fig. E—Effect of Welding on Tensile Specimens. 


in a sharp crack or break. If the material is thin it can be bent readily. The 
two steels in Fig. E are of the same composition; one is % inch thick and 
the other 1/9 inch thick. For structural work a thickness of % inch is 
most often used as a means of determining the satisfactoriness of hardenable 
steel for welding. 

The bending has been done in a jig as shown in Fig. F. The material is 
bent in such a manner that the hardened area is placed in tension. It is 
realized that in these bend tests the shape of the fillet enters into the prob- 





emby 1936 DISCUSSION—ARC WELDING ALLOY STEELS 
10* 
5* 


Grind to shape. 
ofter burning ) 


542°D =| 
534°D—-| 
7°D + 
oI" 11* 4/" 
Fig. F—Showing Details of Fixture for Making 
Bend Tests. 


y. The 
ck and 
inch is 
denable Fig. G—Photograph Showing the Effect of Welds in Bending of Specimens. 


lem as well as a number of other variables, but if we do not use fillet welds 


erial is , —s 
we cannot get these failures. 


It is : . ; ; 
: prob- A certain steel company sent in specimens which had been welded and had 
the welds machined off. It was contended that the bend test would be more 
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scientific and more accurate if we did not have the crudely shaped {ijJe 
the specimen. The results are shown in Fig. G. The presence of the welds 
affects the bending greatly. 
Some little time has been taken here to point out the use of this bend tey 
in determining the satisfactoriness of a hardening base metal for w: ding be 
cause representations of the suitability of a base metal for welding are 
often founded only on the results from butt welds. If a butt weld is made jy 


4 


high tensile steel, and fracture occurs in base metal outside of the weld. 4 
material is proclaimed satisfactory for welding. It is hoped that the fille 
welded specimens have shown that that is not necessarily true. 

N. E. WotpMAn:” Mr. Armstrong’s paper on arc welding of high carbon 
and alloy steels is very interesting, but several statements are made which ,; 
quire further study and consideration. 

Table III shows the effect of preheating on the Izod impact results of ty 
alloy steel plate, and the statement is made that “at the welds impact values 
decreased as the preheating temperature increased.” Again on page 581 thy 
author states that “preheating not only affected the properties of the weld ad 
versely but appeared to embrittle the steel in areas that were unaffected } 
the weld.” These statements are contrary to what has been observed by others 
and to what is generally known in practice. The purpose of preheating is t 
decrease the rate of cooling of the weld and the affected zone so as to pre 
vent or inhibit martensitic formation, thereby increasing the ductility and th 
impact value. The author shows by his illustrations that preheating to tem 
peratures up to 1250 degrees Fahr. decreases the amount of martensitic forma 
tion and increases the amount of precipitated ferrite and pearlite in one form 
or another. And if he does obtain more pearlite and less martensite in the 
affected zone on preheating there is no reason why he should obtain lower 
impact values. Preheating at high temperatures below the critical should not 
embrittle the steel in areas that were unaffected by the weld. If a zone is 
unaffected by the weld it should also be unaffected by the preheat if the tem 
perature’of the preheat is kept below the tempering temperature. 

The accompanying following curves for the physical properties of an 
oil-quenched and tempered S.A.E. 3335 steel show a marked increase in the 
Izod value as the steel is heated between 600 and 1200 degrees Fahr. This 
steel is very close to the composition of the plate used by the author in his 
experiments. Note that in this steel there is no temper brittleness at tem 
peratures above 600 degrees Fahr. 

A number of welding engineers have commercially adopted the scheme of 
preheating at various temperatures prior to welding to obtain higher impact 
values and also to decrease the tendency for cracks to develop in the affected 
areas. However, careful consideration must be given to those steels susceptible 
to temper brittleness. 

The author further states that welding of high carbon and alloy steel 
(above 0.30 per cent carbon) is, at best, not satisfactory if the steel is to be 
used in structural members. This is true enough, but many machine parts and 
structural members of high carbon or alloy content can and have been satis- 





*Metallurgist, Eclipse Aviation Corp., East Orange, N. J 
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of about three feet in diameter. This is a split gear, having been mac: 


In two 
separate halves and bolted together as shown. The two half rims were forge, 
and shaped from a 0.46 per cent carbon steel. The two half hubs were machine, 


from a 0.33 per cent carbon steel casting. The arms were made from (1? 
per cent carbon steel hot-rolled plate. All arms were welded to the hub any 
to the rim as shown. No cracks developed during or after welding as 4, 
parts were preheated to 400 degrees Cent. (750 degrees Fahr.) prior to welding 
After welding and assembly, the gear was finish machined and hobbed, |; 
was then heat treated by quenching in brine solution and tempered to a hard- 
ness of 255 Brinell on the teeth. This gear was finally installed on an open- 
hearth steel charging machine driven by a 36 horsepower motor and fun 
tioned perfectly without failure in the welds or in areas adjacent to welds 


Author’s Reply 


Mr. McKinney, in his comment, stated that some electrodes such as the 
austenitic chromium-nickel steels are sometimes used successfully to prevent 
severe hardening under the weld as these electrodes require a much lower cur- 
rent density than mild steel to obtain satisfactory fusion and penetration. The 
author has tried this method and while the hardened zone may have been shal 
lower there was still a definite martensitic area. The use of such electrode 
introduced an additional hazard. Quite often the deposit absorbs sufficient 
quantity of the base at the fusion zone to make this area martensitic also. [i 
is obvious that any type of electrode that is used successfully will heat th 
base sufficiently to fuse the deposit. Unless the base is very small the mass 
of the base will hasten the cooling sufficiently to cause martensite. It is pos- 
sible that the quantity of martensite formed can be controlled somewhat by 
welding technique and it is true that the atmospheric temperature is a factor, 
but the author doubts seriously if martensite can be eliminated entirely in steels 
of the composition used in this test unless the steel is preheated before arc 
welding. 

Dr. Woldman states that decrease in Izod values in the base metal, due 
to preheating prior to welding is contrary to results observed by others. The 
author was skeptical himself until the tests were repeated and the same results 
obtained. Mr. McKinney apparently does not find these results surprising and 
he was correct in assuming the plate material was specially treated to resist 
high magnitude impact. In the paper it was stated that the reason for the 
Izod falling off was not determined and Mr. McKinney’s explanation is the 
only one that can be offered at this time. 
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THE INFLUENCE OF DEOXIDATION ON THE 
AGING OF MILD STEELS 


Ry B. N. Danivorr, R. F. Ment anp C, H. Herry, Jr. 


Abstract 


A series of steels, varying in carbon content between 
0.02 and 0.25 per cent, and representing a wide variation 
in the degree of deoxidation, was tested for aging after 
quenching from subcritical temperatures and after cold 
working. According to the deoxidation treatment the 
steels were divided into four major classes: (1) rimmed 
steels, (2) semi-killed steels, (3) silicon-killed steels, and 
(4) aluminum-killed steels. It was found that deoxidation 
has a very pronounced effect on both types of aging. The 
tendency of steels to age was found to decrease with de- 
oxidation in the order given above. Steels deoxidized 
with silico-manganese in the furnace and ferrosilicon and 
aluminum in the ladle were found to be practically non- 
aging. It is believed that deoxidation decreases the sus- 
ceptibility of steels to aging directly through the decrease 
in dissolved oxygen content, and indirectly by virtue of 
its action in refining the grain-size of the steels. 


INTRODUCTION 


HE making of a heat of steel involves a number of complex 

physico-chemical processes both within and among the phases 
present in the furnace. Any variation in the interaction between 
the phases is necessarily reflected in the behavior of the finished heat 
of steel and in the quality of the finished solid ingot. One of the 
most important variables determining the quality of the finished steel 
is the method and degree of deoxidation of the steel, for this is 
known to exert a powerful influence on the response of the steel to 


This article is an abstract of a thesis submitted by B. N. Daniloff to the Carnegie In- 
stitute of Technology in partial fulfillment of the requirements for the degree of Doctor of 
science, 


\ paper presented before the Seventeenth Annual Convention of the Society 
held in Chicago, September 30 to October 4, 1935. Of the authors, B. N. 
Daniloff is Metallurgical Advisory Board Fellow and Graduate Student, De- 
partment of Metallurgical Engineering, Carnegie Institute of ‘Technology, 
R. F. Mehl is Director, Metals Research Laboratory, and Professor of Metal- 
lurgy, Carnegie Institute of Technology, Pittsburgh, and C. H. Herty, Jr., 
is metallurgical engineer, Bethlehem Steel Co., Bethlehem, Pa. Manuscript 
received June 8, 1935. 
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a number of mechanical and 


thermal treatments, partic, 


iTly its 


\ 


response to aging after cold working and to aging after quenching 


from subcritical temperatures. Inasmuch as aging may be regardeg 


as either injurious or beneficial to steel, it is desirable to control thy 
susceptibility of steel to aging and thus to enable the manufacture, 
deliberately to produce a steel that will or will not age to suit ser, 
ice requirements. Much is already known concerning the effect 
deoxidation on aging, but in certain respects additional knowledge | 
needed, It is the purpose of the present paper to procure additions! 
data on the aging behavior of steels deoxidized to different degrees 

The aging of steel after cold working has long been known." 
though the mechanism has not been studied until recently and stil! 
presents several difficulties. In spite of the great amount of work 
done in the study of the constitution and heat treatment of steel, jt 
was only recently that the phenomenon of the aging of steel after 
quenching from subcritical temperatures, similar to that of du- 
ralumin, was discovered. In 1927 Koster® and Masing and Koch' 
made the first careful investigation of this type of aging in steel 
These workers have shown that the duralumin type of aging in 
steel is caused by the precipitation of carbides from ferrite, and 
that the phenomenon is entirely analogous to the aging of duralumin. 

In 1923 Bean,° Sawyer,® and Fry’ suggested the possibility of 
precipitation hardening in iron-nitrogen alloys, and Dean* in 1929 
demonstrated age hardening of iron and steel caused by precipitation 
of nitrides. 


Gumlich® as early as 1918 suggested that oxygen may be respon 





iC, E, Stromeyer, “‘The Aging of Mild Steel,”’ Journal, Iron and Steel Institute, No 
1, 1907, p. 200-250, 

“A. A. Stevenson, “Properties of Locomotive Tires Change with Age,”’ Metal Progres 
Vol. 20, 1931, p. 81-82. 

°W. Késter, “Stahl und Eisen als Werkstoff."’ Vortriige Werkstofflagung, 1927, Vol 
p. 16, also Archiv. fiir das Eisenhiittenwesen, Vol, 2, 1928-29, p. 194-5, 


‘G. Masing and L. Koch, “Duraluminartige Vergiitung hei Ejisen-Kohlenstofflegie: 
ungen,”’ Wiss. Veroff. a. d. Siemens Konsern, Vol. 6, 1927, p. 202-210. 


®"W. R. Bean, “Deterioration of Malleable in Hot-Dip Galvanizing Process,” Trans 
actions, American Institute of Mining and Metallurgial Engineers, Vol. 69, 1923, p. 89> 


*C, B. Sawyer, “Early Work on Iron-Nitrogen Equilibrium,’’ Metal Progress, Vol 
19, 1931, p. 89-90. Also, “Nitrogen in Steel,” Transactions, American Institute of Mining 
and Metallurgical Engineers, Vol. 49, 1923, p. 799. 


"A. Fry, “Stickstoff in Eisen, Stahl und Sonderstahl,”” Kruppsche Monatshefte, Vol 
4, 1923, p. 137-151. 


*R. S. Dean, R. O. Day and J. L. Gregg, “Relation of Nitrogen to Blue-Heat 
Phenomena and Dispersion Hardening in the System Fe-N,’’ American Institute of Mining 
and Metallurgical Engineers, Tech. Pub. No. 193, 1929. 


*E. Gumlich, “Ueber die Abhangigkeit der Magnetischen Ejigenschaften des Speci 
fischen Widerstandes under der Dichte der Eisenlegierungen von der Chemischen Zusam 
mensetzung und der termischen Behandlung,” Wiss. Abhandl. Phys. Techn. Reichsanst., 
Vol. 4, 1918, p. 267-420. 
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ible for magnetic aging of iron. The study of over-strain aging of 
eel by Pfeil’? in 1928 suggested that the precipitation of oxides 


may be responsible for aging after cold working. Later investiga- 


tors have suggested that precipitation of oxides has an effect on both 
over-strain and quench aging in many respects similar to that of 
carbon. At the present it seems possible that the elements carbon, 


nitrogen, and oxygen may act as hardening elements in both types ot 
aging in steel. 

The data available on the solubility of oxygen in solid iron are 
somewhat scarce and lacking in agreement.'? '*: *% *# 4% 16 27, 18 "[he 
iron-oxygen diagram has been worked out by Tritton and Hanson” 
and several of its modifications have been published.?* *') ** *%) ** De 
spite the disagreement in the results on the exact values of the solu 
bility of oxygen in alpha iron, it seems likely that this solubility 
decreases with decreasing temperature, thus satisfying the principal 
requirement for precipitation hardening . 

Filender and Wasmuht*® studied the quench aging of alloys 


wL, B. Pfeil, “The Change in Tensile Strength Due to Aging of Cold Drawn tron 
ind Steel,” Journal, Iron and Steel Institute, Vol. 118, No. 2, 1928, p. 167-181; dise. ibid 
p. 182-194 


uF. Tritton and D. Hanson, “Iron and Oxygen,’ Journal, Iron and Steel Institute, 
ol. 110, No. 2, 1924, p. 99-121. 


“W. Krings and J. -Kempkens, “Ueber die Léslichkeit der Sauerstotfs in festen 
Kisen.” Zeit. anorg. Chemie., Vol. 183, 1929, p, 225-250. 


WW, Eilender and R. Wasmuht, “Ein Beitrag zur frage der Ausscheidungshirtung 
des Eisens,” Archiv f. d. Eisenhiittenwesen, Vol. 3, 1930, p. 659-664, 


/ 


MT., Jordan and J. R. Eckman, “Gases in Metals, Il. The Determination of Oxygen 
ind Hydrogen in Metals by Fusion in Vacuum,” U. S. Bureau of Standards, Scientific 
Paper No, 514, 1925. 


6A, Wimmer, “Ueber den Einfluss des Sauerstoffs auf die physikalischen und Tech 
nischen Eigenschaften des Flusseisens,’’ Stahl und Eisen, Vol. 45, 1925, p. 73-79. 


J, Reschka, ‘Beitrag zur Frage des Sauerstoffs im Eisen,’ Mitt. a. d. Forschungs 
nstitut der Vereinigte Stahlwerke A. G., Vol. 3, 1932, p. 1-18. 


"H. Schenck and E. Hengler, ‘Untersuchungen tiber das System Eisen-Sauerstoff,”’ 
irchiv f. d. Bisenhiittenwesen, Vol. 5, 1931, p. 209-214. 


MN. A. Ziegler, “Solubility of Oxygen in Solid Iron,’’ Transactions, American So 
ciety for Steel Treating, Vol. 20, 1932, p. 73-82. 
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~K, Schénert, ‘‘Beitrag zur System: Eisen-Sauerstoff,"’ Zeit. fiir anorg. und allgem 
Chemie, Vol. 154, 1926, p. 220-225. 


“H. Schenck, “Physikalische Chemie der Eisenhiittenprozesse,”’ Julius Springer, Berlin, 
1932, Vol. 1, p. 131, 


“H. Esser and H. Cornelius, ‘“‘Gefiigeuntersuchung bei Temperaturen bis Tempera 
turen bis 1100°,” Stahl und Eisen, Vol. 53, 1933, p. 532-535. Also Metals and Alloys, 
Vol, 4, 1933, p. 119-122. 


*C. Benedicks and H. Léfquist, “Non-metallic Inclusions in Tron and Steel,’ Stock 
holm, 1930, p. 56, 


“ME. R. Jette and F. Foote, ‘An X-ray Study of the Wiistite (FeO) Solid Solutions,” 
lournal of Chemistry and Physics, Vol. 1, 1933, p. 29-36. “A Study of Homogeneity 
Limits of Wiistite (FeO) by X-ray Methods,” Transactions, American Institute of Mining 
and Metallurgical Engineers, Iron and Steel Division, Vol. 105, 1933, p. 276-289. 
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prepared by melting iron in a hydrogen atmosphere and in: 


























Pe Se on. ca barbacccddee céuiws 0.010 per cent O, 
CERNE NED A vcs va ciceccccncnesbes 0.019 per cent O, 
Ingot iron (American) ............++00. 0.092 per cent O, 
Ingot iron (English) before deoxidation 0,092 per cent O, 








Grossmann*’ gave the following values of oxygen content, de- 
termined by vacuum fusion, of a few commercial irons and steels: 






Composition, Per Cent 









Carbon Manganese Silicon Oxygen 
Carbon steel ..... 0.19 0.37 0.11 0.008 
. . {Rim 0.019 
ee 0.03 0.18 0.01 \Core 0.068 
Open-hearth iron.. 0.02 0.03 0.005 Rim 0.047 


(Core 0,103 


These figures refer to commercial steels cast into ingots weighing 
from 1% to 5 tons. 

The oxygen content of some of the materials quoted is sui- 
ficiently high to form supersaturated solid solution of oxygen in 


“J. A. Pickard, “The Oxygen Content of Iron and Steel and Its Effect on Thei: 


Properties,” British Iron and Steel Institute, Carnegie Scholarship Memoirs, Vol. 7, 1916, 
p. 68-82. 


_ 8M. A, Grossmann, “Oxygen in Steel” (Fifth Campbell Memorial Lecture), American 
Society for Steel Treating, 1930, 





5 ee ducing alphi 
the desired amounts of oxygen by remelting in air. They found y, belo 
appreciable hardening in specimens with the oxygen content beloy reap 
0.035 per cent upon quenching from 680 degrees Cent. (1255 qo cold 
grees Fahr.) followed by aging at room temperature. With rising 
oxygen content the hardening increased to a maximum (56,5 ‘ta beer 
cent) in specimens with 0.06 per cent oxygen. With further jp. liter 
crease in the oxygen content the hardening decreased, but was gti\ sto0 
greater than that of the low oxygen alloys. These workers als hoff 
found that the maximum hardness is obtained on room temperature stee 
aging; at higher temperatures the maximum hardening is less, }y ile 
is reached more rapidly as the temperature increases. This behavior and 
is very similar to that of pure iron-carbon and iron-nitrogen alloys, ~~ 
and this was interpreted as indicating that the aging of iron-oxygen he 
alloys is due to the same process, namely, the precipitation of oxides 
from solid solution. al 

According to data published by Pickard*® the average oxygen cip 
content of some commercial irons and steels as determined by the am 
hydrogen reduction method is as follows: On 
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alpha iron. Even in those steels in which the oxygen appears to be 


below the solubility limit generally accepted, it may be at least partly 
responsible for aging in the presence of carbon and nitrogen, or after 
cold working. 

Although the effect of oxygen on the aging of iron and steel has 
been noted long ago** and many references thereon are found in the 
literature, the role of oxygen does not appear to be perfectly under- 
stood, and still is a subject of much controversy. Pfeil,?® Ober- 
hoffer,° and von Koeckritz** suggested that oxygen in commercial 
steels might be a factor contributing to aging. On the other hand 
Rilender and Wasmuht,** Eilender, Fry, and Gottwald,®* and Esser 
and Cornelius** believe that oxygen in commercial steels bears little 
or no relation to the aging. Sauveur® has stated that the part played 
by oxygen in commercial steels is still in doubt. 
~The work of Késter** has shown that although carbon and nitro- 
ven precipitate independently, the carbon in solution delays the pre 
cipitation of nitrogen, and that if carbon in solution exceeds a certain 
amount the precipitation of nitrogen can be completely suppressed. 
On the other hand, oxygen has been reported to have the opposite 
effect, namely, to promote the precipitation of nitrogen.*’ Oxygen 
apparently influences the precipitation of both carbon and nitrogen.** 
The solubility of carbon in alpha iron is probably decreased by oxy- 
gen,’ and conversely, carbon reduces the solubility of oxygen in 
alpha iron. 

It has been stated by several investigators that melting has a 


‘Ref, 9 


*P, Oberhoffer, H. J. Schiffler and W. Hessenbruch, ‘‘Sauerstoff in Eisen und Stahl,” 
Stahl und Eisen, Vol. 47, 1927, p. 1540-1543. 


“H. von Koeckritz, “Ueber Zeitlichen Verlauf der Alterung weihen Stahls und tibet 
lie Alterung von Stahlen Verschiedener Herkunft,”’ Mitl. aus der Forschungsinstitut der 
Vereinigte Stahlwerke, A. G., Vol. 2, No. 2, 1932, p. 193-222. 


“Ref. 13, 

“W. Eilender, A. Fry and A. Gottwald, “Einfluss verschiedener Elemente auf die 
\usscheidungsvorgange im Stahl beim Anlassen,”’ Stah/ und Eisen, Vol. 54, 1934, p. 
554 564 


“Ref. 22. 


*A. Sauveur, ‘Notes on the Aging of Metals and Alloys,’’ Transactions, American 
Society for Metals, Vol. 22, 1934, p. 97-119. 


*W., Késter, “Zur Frage des Stickstoffs im Technischen Eisen,’ Archiv f. d. Eisen- 
hiittenwesen, Vol. 3, 1930, p. 637-655. Discussion p. 655-658. 


Ref, 30, 
T, 3d, 


__*L. R. Van Wert, “Some Notes on Blue Brittleness,”’ Transactions, American Institute 
f Mining and Metallurgical Engineers, Iron and Steel Division, 1931, p. 230-246. 
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considerable influence on the tendency of steel for aging.” Wil 
helm and Jahn* from the results of many tests concluded t}).; ste] 
made from scrap possess the same aging tendency as steels mage 


from other materials, i.e., the high scrap content does not increase 
the aging ability of the steel. Walzel*® ** however, has claimed that 
pig iron in the furnace charge decreases the susceptibility of 
to aging. 
Gumlich*® pointed out in 1918 that additions of aluminum ang 
silicon suppress the tendency of steel to age magnetically. Fry*® ro. 


ported that MnO has a great effect on the sensitivity of steel to aging. 


Stee! 


According to Fry, MnO is soluble to a considerable extent in iron a 
about 700 degrees Cent. (1290 degrees Fahr.) and on slow cooling 
is precipitated in a fine state of dispersion. On the other hand, jf 
oxygen is present in the form of iron silicate or silica, which are 
less soluble in iron than MnO, its effect on aging is considerably 
smaller. The effect of oxygen is indeed small when it is present 
as Al,O, because alumina is practically insoluble in iron. Fry stated 
that soft steel deoxidized with aluminum and containing 0.05 per 
cent excess aluminum is non-aging. 

Kxperiments reported by Diergarten*? show that steels de- 
oxidized with manganese and silicon are very susceptible to aging. 
Steels deoxidized with aluminum were found to age very little at 
300 degrees Cent. (570 degrees Fahr.), though the total oxygen 
content was the same in both steels. It was concluded that deoxida- 
tion with aluminum is essential for the production of a non-aging 
steel. 


Oertel and Schepers**® studied two low carbon steels (0.07 and 
| 






Ref, 31. 














"'F, Roetscher and M. Fink, “Beitrag zur Kerbzahigkeit hochwertiger Baustihle,” 
Zeit des Vereins deutscher Ing., Vol. 76, 1932, p. 173-177. 


“HH. Wilhelm and L. Jahn, “‘Alterungskerbzihigkeit des aus Schrott erschmolzenen 
Siemens-Martin Stahls,’”’ Archiv f. d. Eisenhiittenwesen, Vol. 7, 1933, p. 201-203. 


“RR. Walzel, “Eine besondere Ausfitthrungsform des Kerbschlagversuches angewended 
fiir den Vergleich der Alterungsempflindlichkeit von Stahlen,’’ International Association for 
Testing Materials, Zurich Meeting, 1931, Vol. 1, 1932, p. 405-408. 


“R. Walzel, “Beitrag zur Kenntnis der Mechanischen Alterung weichen Flusstahls,” 
Archiv f. d. Eisenhiittenwesen, Vol. 6, 1932, p. 257-262. 

“Ref, 9, 

“See disc. on p. 735 of paper by P. Oberhoffer, H. Hochstein and W. Hessenbruch, 
“Sauerstoff in Eisen und Stahl. IT. Der Einfluss des Sauerstoffs auf das Gefiige und einige 
Eigenschaften verschiedener Baustihle,”” Archiv f. d. Eisenhiittenwesen, Vol. 2, 1929, p. 
725 


25-738. 
“Ref. 46. 


4W. Oertel and A. Schepers, ‘‘Eigenschaften beruhigt und unberuhigt vergossenen 
Stahles,”’ Stahl und Eisen, Vol. 51, 1931, p. 710-715. 
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0,08 per cent carbon), one of which had been deoxidized with 0.10 


per cent silicon. Impact tests made on specimens cold-worked 15 
per cent by tension and heated at various temperatures showed that 
the steel deoxidized with silicon aged less than the rimmed steel. 
Magnetic tests on the same steels after quenching from 600 degrees 
Cent. (1110 degrees Fahr.) and aging at various temperatures showed 
no appreciable difference in the changes in coercive force and residual 
I 
ing properties of the two steels. Pomp and Klein* also noted that 


nagnetization ; likewise, no difference was observed in the deep draw- 
deoxidized basic Bessemer (Thomas) steel ages less than similar 
steel which has not been deoxidized. Koster®® reported that Thomas 
and electric steels age more than Siemens-Martin steels because they 
absorb more nitrogen during the manufacture. This worker also 
believed that silicon- and aluminum-killed steels retained more nitro- 
gen in solution and consequently age less than unkilled steels. 
Hayes®*’ © reported the development of a non-aging steel deoxidized 
with aluminum and titanium. ‘This steel after proper heat treat- 
ment is free from aging, blue brittleness, and (after proper pre- 
straining) stretcher-straining. 

In spite of the contradictions regarding the effect of oxygen on 
aging, the published statements on the efficacy of deoxidation are in 
agreement, all indicating that deoxidation decreases the suscepti- 
bility of steel to aging. Since deoxidation has certain secondary ef- 
fects on the steel, other possible phenomena connected with deoxida- 
tion should not be disregarded in this connection. 

One of these secondary effects is the diminution of grain-size of 
steels, particularly in those deoxidized with aluminum. Certain 
investigators have stated that oxygen in steel tends to increase the 
grain-size ;°* 54 5° deoxidation, on the other hand, decreases the grain- 


56, 57 


size and inhibits or in some cases entirely prevents grain growth. 


“A. Pomp and O. Klein, ‘Ueber die Alterung von Feinblechen aus Flussstahl,’’ Mitt, 
a, d. Kaiser Wilhelm Inst., Vol. 15, 1933, p. 205-245. 


Ref. 36, 


“A. Hayes and R. O. Griffis, “Non-Aging Iron and Steel for Deep Drawing,” Metals 
and Alloys, Vol. 5, 1934, p. 110-112. 


“Anon, Announces a New Deep Drawing Steel, Jron Age, Vol. 132, 1933, p. 27-28. 
®Ref, 11, 
“Ref. 15, 
Ref, 30. 
“Ref, 48, 


aC. H. Herty, Jr., D. L. McBride and S. Hough, “Effect of Deoxidation on Grain 
Growth in Plain Carbon Steel,”’ Cooperative Bulletin 65, Carnegie Institute of Technology, 
1934, 
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There is little information in the literature regarding 





C etfect 
of grain-size on the aging. Koster®* reported that the aging apacity 
is independent of the grain-size, though the yield point ¢! ngatio, 





increases as the grain-size decreases. Walzel®® found that ; rain-siz 
differences produced by heat treatment have an appreciable effect. 
the aging tendency decreasing with decreasing grain-size. On th, 
other hand, it has been reported that the decrease in grain-size r. 
sults in an increase in the amount and rate of precipitation hardep. 
ing.°° It is apparent that the evidence is far from being conclusive. 
and the question of the effect of grain-size needs further study. 

Another secondary effect of deoxidation has been considered in 
the literature, namely, the “deactivation” of nitrides. Tschischevsky" 
in 1915 found that aluminum when added to molten steel combines 
with nitrogen to form a stable nitride of aluminum. Recently Eilen 
der, Fry and Gottwald® in a very complete paper found that aly- 
minum, titanium, zirconium, and vanadium suppress the ability oj 
steels to quench-age as soon as their concentration is sufficient to 
react with all of the nitrogen to form their nitrides. It was also 
found that zirconium, titanium, and vanadium will ‘“‘deactivate” the 
carbon. 

It appears, therefore, that the function of deoxidation, with 
respect to aging, is not only to remove the oxygen but also to furnish 
elements which will combine with the nitrogen and the carbon in 
the steel. 

Only the three common deoxidizers, manganese, silicon, and 
aluminum, were used in the preparation of the steels used in this 
work, and consequently the discussion of deoxidation may be limited 
to these three deoxidizers. 

It is known from the work of Herty®* and of Chipman” that 
the relative deoxidizing powers of aluminum, silicon, and manganese 
are in the order stated. Very small amounts of residual aluminum are 































































































SW. Koster, “Der Einfluss einer Warmebehandlung unterhalb A, auf die Eigenschaften 
des Technischen Ejisens,’”’ Archiv f. d. Eisenhiittenwesen, Vol. 2, 1929, p. 503-522. 


Ref. 44, 


*V. N. Krivobok, Reference to work of Séhnchen cited by Dr. Krivobok in his discus 
sion of Cooperative Bulletin 66, Feb., 1934. 


®1N. Tschischevsky, ‘“‘The Occurrence and Influence of Nitrogen on Iron and Steel,” 
Journal, Iron and Steel Institute, Vol. 92, No. 2, 1915, p. 47-49; disc. p. 98-105. 
Ref, 33. 


*C, H. Herty, Jr., ‘“‘The Deoxidation of Steel,” Cooperative Bulletin 69, Carnegie 
Institute of Technology, 1934. 


*John Chipman, “Application of Thermodynamics to the Deoxidation of Liquid Steels, 
Transactions, American Society for Metals, Vol. 22, 1934, p. 385-446. 
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required to reduce the residual iron oxide to extremely low con- 
centrations. Manganese is the weakest of the three deoxidizers, and 
leave relative high amounts of oxygen in the steel, whereas 


will leave an intermediate amount. ‘The exact relationships 


will 
silicon 
between residual oxygen and residual alloyed deoxidizers may be 
‘ound in the papers by Herty and by Chipman cited above. 

When more than one of these are used, the deoxidation reactions 
are complicated by the presence of several oxides. The purpose of 
using combinations of various deoxidizers is to obtain deoxidation 
products which will coagulate into larger particles, and thus tend to 
be removed by levitation. In the aluminum-killed steels a very fine 
suspension of alumina particles is formed, even in the presence of 
other residual materials produced by the use of manganese and silicon 
as deoxidizers, owing to the low fluxing power of alumina. These 
particles do not grow or coalesce owing to their refractory nature, 
and therefore remain suspended in the metal, persisting through all 
the subsequent processing of the steel, and thus appearing in the 
final steel. 

Score OF INVESTIGATION 


The primary purpose of this investigation is to make a compre- 
hensive study of the influence of variations in the deoxidation practice 
on both the quench and the overstrain aging of commercial mild 
steels. Furthermore, because deoxidation exerts secondary effects on 
steel, other factors, such as grain-size, “deactivation” of nitrides and 
carbides, and the role of finely dispersed particles of deoxidation prod- 
ucts, are considered. 

Strain and quench aging tests were performed on 34 steels of 
various degrees of deoxidation and of varying carbon content. 
Quench hardness tests were made with the purpose of ascertaining 
whether the increased hardness upon quenching from increasing 
subcritical temperatures, presumably indicating an increasing con- 
centration of solid solution, is accompanied by increased tendency of 
steels to age, and thus to obtain some insight into the mechanism of 
aging, 

Additional tests were made on the influence of grain-size on 
aging in order to determine what effect the grain-size has on the 
quench and overstrain aging and also to ascertain the degree to which 
the finer grain-size of aluminum-killed steels may be responsible for 
their greater immunity to aging. 
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Tests were also made to ascertain whether a treatmen 
critical temperatures might not alter the response of these steels to 
an oOver-strain aging treatment (inasmuch as this effect has | 
suggested ). 


it sub- 
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Aging tests at elevated temperatures were made on a few selected 
steels in order to obtain an idea of the influence of time and t mpera- 
ture on the aging of steels representing extremes in the degree of 
deoxidation, and, incidentally, to attempt to differentiate between 
the age-hardening due to the precipitation of carbon and that dye 


to the precipitation of oxygen. 


MATERIALS 





For the determination of the effect of deoxidation on aging a 
set of steels was selected representing a wide variation in the degree 
and methods of deoxidation. Four classes of materials were selected 
as follows: (1) rimmed steels, (2) semi-killed steels, (3) silicon- 
killed steels, and (4) aluminum-killed steels. The carbon varied from 
0.02 to 0.25 per cent, though unfortunately, it was impossible to ob- 
tain a complete range of carbon in each of the four types repre- 
sented. The steels were commercial open-hearth steels, most of 
the heats having been made under the supervision of C. H. Herty, 
Jr. The electric furnace steels were experimental, and also made 
under the supervision of C. H. Herty, Jr. The analyses of the steels 
are given in Table I. 

The method of deoxidation was chosen as the main variable de- 
termining the aging characteristics, and accordingly the steels were 
classified into the four groups indicated above. No attempt was 
made to classify the steels according to the oxygen content. Al- 
though the analyses given in Table I discriminate the four groups 
according to the oxygen content, they are not sufficiently reliable to 
justify arranging the steels according to the oxygen content within 
each group. The table shows that the oxygen content of the rimmed 
steels is considerably higher than that of the killed steels, and that the 
“SMA” steels, deoxidized with silico-manganese and aluminum, 
contain a negligible amount of oxygen, practically all of which 1s 
probably present in the form of Al,O,; the amount of dissolved oxy- 


gen, if any, is very probably too low to be precipitated by any aging 
treatment. 
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Analysis of Steels Used 
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Per Cent 
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selected Rimmed Steels 
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hei 0.056 .016 wath Sst 0.007 Seater 0.046 
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stlicon- 0.247 f 0.012 0.029 0.124 0.047 0.007 0.015 
if 0.141 vane Sane 0.067 0.038 
trom —3* 0.097 0.015 0.034 0.031 0.038 
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were 0.040 0.06 0.006 0.036 0.163 aS Si 
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The rimmed steels were deoxidized with manganese in the fur- 
inum, 


nace, and small amounts of ferromanganese were added in the ladle 
if reoxidation of the metal in the furnace had taken place after 
Oxy- deoxidation. Small amounts of aluminum were added to molds, not 
ging exceeding 4% pound per ton. This amount is not sufficient to cause 
a pronounced change in the FeO content of the metal; it was added 
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merely to regulate the rate of gas evolution during freezing.’’. %» 7, 
some of the rimmed steels (steels 2 and 17) small amounts of tita- 
nium (about 0.01 per cent of the charge weight) were added, A. 
titanium is a much weaker deoxidizer® than aluminum, these adqj. 
tions should not result in any great variations in the degree of de- 
oxidation. The semi-killed steels were deoxidized with manganese 
and silicon in the ladle, and some aluminum was added in the 
The silicon-killed steels were deoxidized with manganese and 
in the ladle. The aluminum-killed steels were deoxidized with silicon 
and manganese in the furnace and aluminum in the ladle. Steel K-13 
was deoxidized with manganese and aluminum in the ladle with no 
previous furnace deoxidation. Steel K-14 was deoxidized with 
manganese in the furnace and aluminum in the ladle. 
used in these steels in conjunction with aluminum. 

The SMA steels were made to contain the minimum possible 
amount of dissolved iron oxide. The heats were killed in the fur- 
nace with silicomanganese (manganese 67 to 69 per cent, silicon 13 
to 15 per cent). The silicon addition as silicomanganese amounted 
to 0.10 to 0.11 per cent of the weight of the metal and the manganese 
to about 0.48 per cent. Any additional manganese necessary to meet 
specifications was added as ferromanganese about 5 minutes after 
the silicomanganese addition. The heats were tapped from 10 to 
15 minutes after the silicomanganese addition, and 0.05 and 0.10 per 
cent of silicon as ferrosilicon and 2 pounds of aluminum per ton were 
added in the ladle. The types and amounts of deoxidizers used are 
given in Table II, and the analyses of deoxidizers in Table III. The 
slag analyses of some of the steels before deoxidation are given in 
Table IV. 

The grain-size of a few steels, representative of the four classes, 
is shown in Fig, 1. The photomicrographs were taken at 100 diam- 
eters on normalized steels. 
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No silicon was 














METHODS 





For the quench-aging tests small plates, 1% inch thick, were nor- 
malized, and about % inch was ground off the original surface. These 
specimens were then heated at 700 degrees Cent. (1290 degrees 







Ref. 63. 


%C. F. Christopher, H. Freeman and C. H. Herty, Jr., ““The Control of Iron Oxide in 
oe st. Open-hearth Process,” Cooperative Bulletin 68, Carnegie Institute of Tech- 
nology, 1934. 


Ref. 64. 
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Table Il 
Deoxidizers Added to Furnace, Ladle and Mold 





Furnace Ladle Mold 
Per Cent 
Mn |. 
(as Mn-Si Mn 4 
Steel Alloy) Si Al (asFe Mn) Si Al Mn 
Rimmed Steels 
0.037 Baers ere 0.0060 0.270 


0.060 wrens ght es pine 0.0047 0.185 fe nee 0.0020 
0.18 Sa 0.500 0.0004 


0.170 
0.096 


Semi-Killed Steels 
0.06 
0.18 da waes Kar eter 
None 0.12 None 
0.60 ; ha Sania 
0.18 


Silicon-Killed Steels 
0.018 
a ea 0.009 ‘ 
None 0.220 None 
0 0.120 


Aluminum-Killed Steels 
0.006 


0.103* None 0.160 0.05 086 0.130 None 

0.100* 0.150 ; .092 N 0.05 None 
0.118* cee a 0.064 ‘ , 0.17 een 
0.100* N 0.090 i .092 0.030 0.03 None 
0.078* 0.060 ‘ ; None None None 


46 
5 
2 
5 

40 





*As Silico-Manganese. 
tAs Spiegeleisen. 


Fahr.) for 1 hour, and quenched in oil. For quenching temperatures 
below 700 degrees Cent. (1290 degrees Fahr.) the samples were left 
at temperatures for longer time. The surfaces were immediately re- 
ground and Rockwell “B” hardness readings were taken immediately 
and after various periods of aging at room temperature. 

The strain aging was studied by means of both hardness and 
impact (Izod and Charpy, V-notch) tests. The method employed 
by Bauer®* was used, in which the impact test pieces were machined 
to predetermined oversize dimensions and compressed by means of a 
tool-steel die in order to obtain various degrees of reduction in thick- 
ness. Two sets of tests were run: in the first set the specimens were 
compressed 15 per cent and aged at 450 degrees Cent. (840 degrees 
Fahr.) in a lead bath; in the second set the specimens were com- 
pressed 2 per cent and aged at 100 degrees Cent. for various lengths 


_ 80. Bauer, ‘‘Gering alterungsempflindliche Stahle,” Zeit. Bayerischen Revisionsverein. 
Vol. 32, 1928, p. 23. 
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Table Ill 
Analyses of Deoxidizers Used 


Per Cent 
Mn >i 


Common Spiegel 
High Silicon Spiegel 
Silico-Manganese 
Ferromanganese 
Ferrosilicon 

Alsifer 


Aluminum 


of time. On the latter set Rockwell hardness tests were also made 
directly on the compressed portions of the impact specimens prior to 
breaking the specimens in the impact machine. 


RESULTS AND DISCUSSION 


The results of the tests on quench aging are given in Figs. 2 to 
6 and Table V. The steels are divided into rimmed, semi-killed, 
silicon-killed, and aluminum-killed, each group arranged in the order 


of increasing carbon content. 


Quench Aging 


(a) Rimmed Steels. In Fig. 2 all the steels in this group showed 
a great susceptibility to quench aging. The maximum hardening was 
obtained in the steels containing 0.04 to 0.05 per cent carbon. As 
may be seen from Table V the rimmed steels of lower carbon con- 
tent (steels 13, 2, 18, 17); steel 14 is excluded because its carbon 


—s 


Table IV 
Slag Analyses Before Deoxidation 


Per Cent 
Feol Ve MnO SiO, P.¢ Vs Cal ) 
Rimmed Steels 
10.10 8.87 9.32 : 43.12 
85 7.64 6.40 “. 40.66 

Semi-Killed Steels 

10.08 12.37 12.80 
Stlicon-Killed Steels 

5.03 16.40 14.93 3.61 


Aluminum-Killed Steels 
11.40 1.38 
21.64 1.67 
9.72 2.04 
21.72 1.56 
14.64 2.34 
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Fig Aging of Normalized Rimmed Steels. 





content (0.020) is below the saturation concentration at 700 degrees 
Cent. (1290 degrees Fahr.) in the normalized or the quenched 
conditions were softer than the steels of higher carbon content; yet 
after the aging treatment the former became harder than the latter. 
In other words the hardness increase due to aging proper was greate! 
in the former than in the latter, which may be interpreted as ind 
cating that the ferrite in the quench-aged steels of lower carbon 
content became harder than in the higher carbon steels. From these 
facts it is logical to conclude that the decreasing aging with increas- 
ing carbon content is due to suppression of some precipitation effects, 
or an induced over-aging, rather than to the masking effect of the 
higher carbon on the increase in hardness. 






sho’ 
Saly 
car] 
in | 


deg 


sili 
am 
Sar 


Hic 


degrees 
uenched 
ent; yet 
e latter. 
greate! 
as indi 
carbon 
m these 
ncreas- 
effects, 


of the 


DEOXIDATION OF MILD STEELS 


Table V 


Rockwell “B" Hardness of Normalized, Quenched and Aged Steels 


( ‘arbon 


Rockwell Hardness—-"B"’ Scale 


Per Cent As Normalized Quenched Quenched and Aged 


Rimmed Steels 


0.0200 
0.0440 
0.0440 
0.0466 
0.0560 
0.1100 
0.1400 
0.1480 


41.4 ros 69.) 
45.1 d 87 
46.3 fy4, 5 85.7 
51.0 91.2 
56.2 

55.9 

67.4 

60.3 


Semt-Killed Steels 


0.094 
150 
154 
192 
260 


§5.2 
61,9 
70.4 
70.0? 
70.4 


Silicon-Killed Steels 


73. 
73. 


Aluminum-Killed Stee 
O19 
036 
042 
042 
.097 
.133 
138 
14] 
.150 
.167 
.167 
.190 
0.194 
0.214 
0.240 
0,247 


*Increase in hardness due to aging 


(b) Semi-killed Steels. In Fig. 3 the semi-killed steels are 
shown to age considerably less than the rimmed steels, with the 
same general tendency for the aging to decrease with increasing 
carbon content. In these steels the oxygen content was lower than 
in the rimmed steels because they had been deoxidized to a greater 
degree. 

(c) Silicon-killed Steels. As will be noted from Fig. 4, the 
silicon-killed steels showed considerable quench-aging, although this 
amounted to only about half as much as in the rimmed steels of the 
same carbon content. The amount of quench aging decreases with 
increasing carbon in the silicon-killed steels as also in the rimmed 
and the semi-killed steels. 
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(d) Aluminum-killed Steels. Figs. 5 and 6. Five ele 
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Fig. 3—Aging of Normalized Semi-killed Steels. 
tl 
and thus oxygen could not have appreciably affected these results. it 
Before deoxidation, the lower carbon steels in this group contained ( 
more oxygen than the higher carbon steels, and it is possible that the 
type of suspended nonmetallic material was quite different in the Y 
finished steel as the carbon increased, 


The data on the effect of carbon content and deoxidation on 
quench aging are summarized in Fig. 7. 


DEOXIDATION OF MILD STEELS ols 


\ few steels were tested for aging after quenching trom 600, 
sv). 400 and 300 degrees Cent. (1110, 930, 750, 570 degrees Fahr.) 
rhe results given in Figs. 2, 3, 4 and 6, show that as the quenching 
temperature decreased the degree of hardening upon aging decreased. 
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(his will be discussed in the next section dealing with the results of 
quench hardness experiments. 


Quench Hardness 


In order to determine whether or not the steels which showed 

the greater aging after quenching also showed the greater increase 

results. hardness ith increasi ‘hi as as ‘ ; “are 
in hardness with increasing quenching temperature, samples were 


ntained quenched from various temperatures from 400 to 715 degrees Cent. 


hat the 


(750-1320 degrees Fahr.), and hardness readings were taken im 
in the 


mediately. The results, summarized in Figs. 2 to 6, indicate that the 
hardness increase with rising temperature in the rimmed steels is 
0 : ae . . . . : ‘ 

10n on considerable, while in some of the killed steels it becomes practically 


independent of the temperature of quenching. 
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Fig. 5—Aging of Normalized Aluminum-killed Steels. 





Krom the consideration of the above data, it might be assumed 
that the shape of the solid solubility line may vary with the follow- 
ing three factors: (1) carbon content of the steel, (2) oxygen con 
tent, and (3) changing type of suspended nonmetallic material. Con- 
sequently, it seems logical to assume that varying amounts of carbon 
may be found dissolved in ferrite at a given temperature depending 
on the presence of oxygen in solution, and on the type of non 
metallic matter. These two factors are determined by variations in 
melting and deoxidation practice, and may affect the amount of dis- 
solved carbon either by actually changing its solubility, or by chang- 
ing the rate of its diffusion. 

The evidence in favor of the above views is the fact that the 
greater hardening with rising quenching temperature is accompanied 
by greater hardening upon aging. Comparison of steels with the 
same carbon content but deoxidized to various degrees will show that 
the killed steels age less than the rimmed steels. As an illustration, 
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rimmed steel No. 16 showed an increase in hardness of | Oints 


whereas the increase in steel SMA-15, aluminum-treated., 
4 points. The carbon content of the two steels is nearly t! 














and the difference in aging, therefore, may be due either to the lowe, 
oxygen content of the aluminum-treated steel SMA-15 or to th, 
finer grain-size; or it may be due to the presence of the finely 
persed alumina particles. 


CVER-STRAIN AGING 


Normalised Steels—-lmpact Specimens Compressed 2 Per Cent, 
Aged at 100 Degrees Cent., and Tested at 21 Degrees Cent 





The results of these tests are given in Figs. 2 to 6, 


(a) Rimmed Steels. As Fig. 2 indicates, the drop in impact 








strength in all rimmed steels is great, the maximum aging occurring 
in the steels with about 0.05 per cent carbon. 

(b) Semi-killed and Silicon-killed Steels. In these grades of 
steel the aging is much less pronounced than in the rimmed steels, 
and the amount of aging decreases as the carbon content increases 
(Figs. 3 and 4). 

(c) Aluminum-killed Steels. Generally, these steels age little, 
some of them being practically non-aging. Arranging the steels in 




















the order of increased carbon content, as in Figs. 5 and 6, does not 
bring out any definite relation between the carbon content, and the 
susceptibility to over-strain aging. It will be noted, however, that 
the carbon content of these steels is comparatively high, the lowest 
carbon being 0.097 per cent in steel K-3, which is far above the con- 
centrations at which carbon has a pronounced effect on over-strain 
aging (0.05 per cent). Furthermore, the data are not as consistent 
as the impact data for rimmed or semi-killed steels. This is not due 
to any inherent lack of uniformity of these steels, but mainly to the 
unfortunate circumstance that the capacity of the impact machine 
(120 foot-pounds) was not sufficient to break some of these steels. 
Consequently, all the values above 120 foot-pounds are only rough 
approximations, obtained by adding to 120 the values that were ob- 
tained on breaking the specimens which were only bent in the first 
blow of the hammer. However, the examination of all the data, 
both above and below 120 foot-pounds, and comparison to the values 
obtained on the other three grades of steels indicates clearly that the 
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Fig. 8—Grain-Size of Rimmed Steels <x 100 a. Steel 24, Normalized; b. Steel 
24, Air-cooled from 1100 Degrees Cent.; c. Steel 66, Normalized; d. Steel 66, Air 
cooled from 1100 Degrees Cent 


aluminum-treated steels are far less susceptible to over-strain aging 
than the other steels. All the steels maintained high impact values 


upon the aging treatment with the exception of steel K-14 which 


showed a marked drop in impact. This steel was deoxidized with man- 
ganese in the furnace and aluminum in the ladle, and no silicon was 
added. The incomplete deoxidation of this steel, or the resulting 
coarser structure as compared to other aluminum-killed steels, may 
account for the marked tendency of this steel to age. 

A summary of the influence of deoxidation on the strain aging 
of steels is given by the figures below which represent the average 
decrease in the impact strength in the four groups of the steels: 
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Average Decrease in Imp 
Type of Steel Strength, Foot-Pounds 
Rimmed 74 
Semi-killed 47 
Silicon-killed 19 
Aluminum-treated 12 


Hardness Tests. Hardness tests made on the compressed por 


tions of the impact specimens appear to be of little value, first. he 


cause of the large scatter of individual results in some of th steels, 


Ps 
Pays Aéhler GvEnC Ig 


Fig. 9—Effect of Grain-Size on Hardness Tests in Quench Aging 
Rimmed Steels 


and second, because in most of the steels they failed to reflect th 
course of the age hardening. 

Tensile Tests. It is well known that the break at the yield point 
in the stress-strain diagrams obtained in the tensile test disappears 
when the steel is quenched from about 700 degrees Cent. (1290 de- 
grees Fahr.) or cold-worked, and reappears after an aging treat- 
ment. ‘The reappearance of the yield point and the amount of the 
yield-point elongation are considered by many as the best test for 
determining the aging characteristics of steel intended for fabrica- 
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Hon involving considerable amount of deformation, such as en 
countered in the deep drawing of sheets.®* * 7 

\ few tensile tests were made with the purpose of ascertaining 
the superior immunity of the aluminum-killed steels to aging in com- 
parison to other steels, and likewise to obtain some data on the 
tensile characteristics of these steels. The three aluminum-treated 
steels (SMA-15, SMA-17, ard SMA-22) and a semi-killed steel 
k-7 were selected for these tests. The steels were normalized, and 
three or four specimens of each steel were prepared. In each steel, 
one specimen of standard size was tested in the ‘‘as-normalized” 
condition. ‘The other three were machined to 0.517 inch diameter 
and pulled to 0.505 inch diameter, whereby a 2.3 per cent reduction 
in diameter (or a 5 per cent reduction of area) was obtained. Of 
these, one was tested immediately, one after 1 day’s aging, and one 
after 5 days’ aging at 100 degrees Cent. Complete stress-strain 
diagrams were obtained on all specimens. The data on the tensile 
properties are given in Table VI. In the “as-normalized” condition 
all the steels showed a pronounced yield point accompanied by con 
siderable elongation at constant load. After cold-working only a 
slight break indicating the yield point remained in the curves for all 
the steels; a slight “yield point elongation” persisted in the semi 
killed steel K-7 and in the aluminum-treated steel SMA-15. In the 
other two aluminum-treated steels the yield point elongation was 
practically eliminated by the cold deformation. 

Aging subsequent to cold-working resulted in an almost com- 
plete recovery of the yield point in the silicon-killed steel K-7, and 
in partial recovery in the aluminum-treated steels SMA-15 and SMA- 


\7, the yield point elongation amounting to about one quarter of the 
original elongation of the normalized steels. In steel SMA-22 the 


strain-aging treatment failed to restore the yield point elongation, 
indicating that this steel is practically free from aging. The results 
are in good agreement with the data obtained in impact tests, and 
confirm the beneficial effect of deoxidation in preventing the aging 
in steels. 

The tensile strength, the elongation, and the reduction of area of 
the three SMA steels investigated do not appear to be much influ- 


“Ref. 58. 
Ref, 10. 


“R. O. Griffis, R. L. Kenyon and S., Burns, “The Aging ot Mild Steel Sheets,” 
Year Book American Iron and Steel Institute, 1933 
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Table VI 
Over-Strain Aging. Tensile Tests 
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Upper Maximum Reduc 


Tensile Elonga- tion I: 





Strength Strength Strength tion of Area Y ic 
lreatment Lbs. Per Sq.In PerCent PerCent In2]; ( 
Steel K-7—Semi-Killed 


















As normalized ia $9400 32500 56000 $5.0 66.4 0.0 
Cold worked ‘ geateeee 43100 98450 40.5 66.2 0.00 
Cold worked and aged 


days at 





100” ¢ ' 8250 »5800 63250 10.7 64.8 0 ¢ 





Steel SMA-15 


As normalized 35850 34850 57000 $5.5 71.7 104 
As cold-worked ; $6300 ae 59000 38.0 72.8 0.00 
Cold worked and aged | 

oe Of See Ge oaste »0000 49600 60230 19.0 71.9 0.0] 
Cold worked and aged 





days at 100° ¢ , 5 »1000 90650 19750 $3.0 71.9 0.010 





Steel SMA-17 







As cold worked : »4800 : 68320 5.5 62.0 0.000 
Cold worked and aged 1 

day at 100° ¢ , ; 60950 60300 66150 $4.0 68.2 0.01 
Cold worked and aged 


days at 100° ¢ 8000 17400 67000 37.5 67.2 0.009 






Steel SMA-22 







As normalized 10000 38150 64000 39.0 66.5 0.025 , 
As cold worked ; ; CO ae eae 67250 38.0 65.2 0.000 
Cold worked and aged | 

day at 100° C. . ; 5850 aid ‘ 67300 38.5 64.1 0.004 0 
Cold worked and aged 





Gave ab 1G0” Ge be ees 8000 a 68200 37.0 64.0 0.000 
















enced by aging. ‘The yield strength increases considerably both as 
In the semi-killed steel 
IX\-7, the reduction of area is little affected, but the elongation de- 


creases considerably, and the tensile strength, and particularly the 


the result of cold-working and of aging. 


yield strength increase noticeably. 

The tests made on Izod impact specimens which had been com- 
pressed 15 per cent, aged 5 minutes at 450 degrees Cent. (840 de 
grees Fahr.) and 1 day at room temperature, have been reported” in 
Cooperative Bulletin 66 and the results are presented here for the 
sake of completeness (Figs. 2 to 6). It has been reported that all 
the rimmed, semi-killed and silicon-killed steels investigated showed a 
marked drop in impact resistance when subjected to the above treat- 
ment. The average percentage decrease in impact values for the 
three classes of steel is as follows: 
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"C, H. Herty, Jr., and B. N. Daniloff, “The Effect of Deoxidation on the Aging of 
Mild Steel,’’ Cooperative Bulletin 66, Carnegie Institute of Technology, 1934. 











In tl 
show 
three 
mint 
all t! 
agin 
malt 
alt 


mati 


th as 
| steel 
mn de- 
ly the 


com- 
0 de- 
qt? | 
rr the 
at all 
wed a 
treat- 
r the 


DEOXIDATION OF MILD STEELS 621 


In the aluminum-killed steels, those with the strongest deoxidation 
-howed the least drop in the impact. It was also reported that the 
three SMA steels had shown higher impact values than other alu- 
minum-killed and semi-killed steels, though in the as-rolled condition 
all the steels were far more susceptible to the effect of straining and 
aging at 450 degrees Cent. (840 degrees Fahr.) than in the nor- 
malized condition ; normalized steels gave much higher impact values 
after straining and aging at room temperature than the as-rolled 


material. 


Over-strain Aging of Normalised Box-annealed 
Aluminum-killed Steels 


In order to ascertain whether or not a treatment at sub-critical 
temperatures might alter the capacity of these steels to age, speci 
mens of the three aluminum-killed steels, SMA-15, SMA-17 and 
SMA-22, were normalized, then heated to 1150 and 1300 degrees 
ahr. (620-705 degrees Cent.), held at these temperatures for 24 
hours and cooled slowly in the furnace. The cooling rate was re- 
tarded so as to allow four days for the cooling to room temperatures. 
Charpy impact specimens were made and tested after compressing 
2 per cent and aging at 100 degrees Cent. for various periods of 
time, 

In Table VII the impact and hardness values are tabulated to- 
gether with those previously obtained on the normalized specimens 
for comparison. The box-annealing treatment resulted in the soften- 
ing of the steels with corresponding increase in the impact resistance 
which persisted upon the aging treatment. 

Steel SMA-15 which had been box-annealed at 1150 and 1300 
degrees Fahr. showed no hardening upon aging for a period of 1 
day at 100 degrees Cent.; on the 7th day, however, it hardened 
somewhat, although it still was considerably softer than the nor- 
malized steel aged for the same length of time. 

Cold-working the box-annealed steels SMA-17 and SMA-22 
resulted in considerable increase in hardness (although this hardening 
is not reflected in the impact data) ; subsequent aging produced no 
further change in the hardness of the steels. 

It is concluded from these limited data that the combined result 
of box-annealing and over-strain aging treatments is a slightly softer 


and tougher steel as compared to the normalized and strain-aged 
steel. This softening is, however, due mainly to the effect of the 
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Table VII 


Over-Strain Aging Tests of Normalized, and Normalized and Box-Annealed SMA Stee} 
HLeels 








Charpy Impact, Ft-Lb.* r~Hardness, Rockw, 






Box Box Box RB 
Annealed Annealed Annealed mee 
Normal from from Normal from i 
Treatment ized 1150°F. 1300°F. ized 1150°F 











Steel SMA-15 








i See | écccce bene xe 153 179 174 71.8 f 
OO re eee 168 00 169 73.9 65.8 ‘ 
Cold worked and aged 10 min.. 163 196 163 Fed 66.3 64 
Cold worked and aged 3 hours... 191 197 bean 65.8 
Cold worked and aged 24 hours 162 200 170 72.3 63.1 59 
Cold worked and aged 7 days . 148 179 192 73.5 68.4 67 5 


Steel SMA-17 
i Nd ik 6 base eed ae & , 134 165 140 76.7 











NEE PEE OOP OE 135 128 1o1* 78.3 74.0 7 ' 
Cold worked and aged 10 min.. 119 141 167 76.1 73.4 718 
Cold worked and aged 3 hours 127 151 143 74.9 73.3 68 2 
Cold worked and aged 24 hours... 144 170 76.8 73.3 

Cold worked and aged 7 days . 123 142 140 76.2 75.4 1.9 


Steel SMA-22 










EO Ee bwaenee 119 130 125 Pied 42.3 66.2 
Cold worked eee s eee ebeaue 127 145 126 77.9 74.3 70.1 
Cold worked and aged 10 min... 112 158 117 78.8 72.9 69.4 
Cold worked and aged 3 hours 124 155 156 78.6 73.2 69.2 
Cold worked and aged 24 hours 101 161 138 76.6 73.8 68.5 
Cold worked and aged 7 days 111 126 127 77.4 74.4 69,8 























"Average of 2 tests. 
fAverage ot 4 tests. 





annealing treatment; the results of the strain-aging treatment prope: 
appear to be little affected by the box-annealing treatment employed 
in these tests on the steels selected for study. 


Errect oF GRAIN-SIZE ON THE AGING OF STEEL 





It is a well known fact that aluminum when used as a deoxidize 
produces fine grain in steel. As the aluminum-treated steels age less 
than steels of similar chemical composition not treated with alu 
minum, the question arises as to whether the fine grain-size of these 
steels may not be the major factor responsible for the non-aging 
properties of these steels, rather than their freedom from dissolved 
As mentioned in the discussion of the work of others, there 
is no conclusive evidence regarding the influence of grain-size; 4 
few statements found in the literature are quite contradictory. 


oxygen. 


No attempt was made in this work to investigate fully the effect 
of grain-size on aging in view of the large amount of time and work 
that would be required for a comprehensive study of the subject 
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However, two sets of tests were made in order to determine how 
extremes 1 grain-size affect the quench- and over-strain aging, 

Mor these tests two rimmed steels, No. 24 and 66, contaiming 
0.040 and 0,060 per cent carbon respectively, were used. ‘The coarse 
erain in these steels was obtained by heating at 1100 degrees Cent. 

”)10 degrees Fahr.) and cooling in air. The grain-size of the coarse 
{A sS g 
and nne grained (normalized ) steels iS shown in lig, 8. 


Ouench Aging Tests. ‘The results of hardness tests made on 


specimens quenched from 700 degrees Cent. (1290 degrees ahr. ) 


and aged at room temperature are given in hig. 9. It wall be seen 
that in steel 24 the grain-coarsening treatment has resulted in con 
siderable increase in aging, while in steel 66 aging seems to be prac- 
tically independent of the grain-size. 

The results obtained on a limited number of impact tests made 
on quench-aged specimens are given in Fig. 10. These data in 
dicate that the final impact values after aging are slightly higher in 
the fine-grained steels than in the coarse-grained. However, the fine 
erained steels possessed a much higher original impact resistance in 
the freshly quenched state than the coarse-grained, and, therefore, 
the actual decrease in impact (or percentage drop) due to aging 
proper is greater in the fine- than in the coarse-grained steels. 

Strain Aging Tests. The steels were cold-worked by com- 
pressing so as to reduce the thickness of the samples by 5 per cent. 
This treatment reduced the impact resistance of both steels to very 
low values as shown in Fig. 10. Subsequent aging lowered the im- 
pact of this fine-grained steel still further, but had little effect on 
the coarse-grained steel. The actual values were somewhat higher 
in the fine-grained steel, although the drop (actual or percentage ) 
was greater because the original strength (as normalized) was much 
higher in the fine-grained steels. 

To determine whether or not an aluminum-killed steel (which 
is practically non-aging when tested for strain aging after normal 
izing) will become more susceptible to aging in the coarse-grained 
condition, steel SMA-15 was heated for ™% hour at 1100 degrees 
Cent. (2010 degrees Fahr.) and cooled in air. Rimmed steel No. 
19, containing 0.110 per cent carbon, was selected for comparison 
tests. This steel was subjected to the similar grain-coarsening treat 
ment as SMA-15. The grain-size of both steels resulting from the 
treatment, together with the grain-size of the normalized steels is 
shown in Fig. 11. Impact specimens were compressed 2 per cent 
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Fig. 10—-Effect of Grain-Size on Impact Tests in Quench and Over-strain Aging 


of Rimmed Steels. 


and subjected to aging at 100 degrees Cent. for various periods of 
time. 

As may be seen from the hardness data in Fig. 12, the fine- 
grained SMA-15 steel is practically non-aging, while in the coarse- 
grained condition an increase in hardness of about 3 points has re- 
sulted. The rimmed steel No. 19 aged considerably more in the 
coarse-grained condition than in the fine-grained. 

Incidentally, it will be noted that the hardening effect of cold- 
working alone is much greater in the rimmed than in the SMA 
steel. In both steels the hardening effects of the cold-working and 
of the aging treatment proper and consequently the total effect of 
the overstrain aging treatment are greater in the coarse-grained 
condition than in the fine-grained. 

Comparison of the two steels will show that grain growth en- 
hances the aging in the aluminum-treated steel but the degree of hard- 
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Fig. 11—Grain-Size of Steels 19 and SMA-15. X 100. a. Steel 19, Normalized ; 
b. Steel 19, Air-cooled from 1100 Degrees Cent.; c. Steel SMA-15, Normalized; d. Steel 
SMA-15, Air-cooled from 1100 Degrees Cent. 


ening is of far lesser magnitude, and that in the coarse-grained con- 
dition the aluminum-treated steel ages less than the rimmed steel in 
the fine-grained condition. Reference to Fig. 11 will indicate that 
the coarse grain produced in the SMA steel is much coarser than the 
fine grain in the rimmed steel; yet the rimmed steel ages more. It 
is inferred from this that although the fineness of grain of the alu- 
minum-treated steels used in this investigation undoubtedly con- 
tributes to their low susceptibility to aging, the effect of the grain- 
size is only a minor one as compared to the major effect of the 
variations in dissolved oxygen content. 

The results of the impact tests are in complete agreement with 


those obtained by hardness measurements. ‘The grain-coarsening 
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Table VIII 
Influence of Grain-Size on Over-Strain Aging Impact Tests 


———_——Charpy Impact, Ft.-Lb. 


Steel #£19—, c——Steel SMA 
Normalized Normalized 
from Air Cooled from Air Cooled 
900°C. from 1100°C. 900°C. from 11099% 
lreatment Grain Siz Fine Coarse Fine Coarse 

oe Be ee ee eee re ere tr 119.0 41.7 150.0 
eB Se re ee ae eee ee 120.0 18.4 167.0 
Cold worked and aged 10 min. rt ree 65.5 20.6 163.0 
Cold worked and aged 1 hour ............. es 12.0 
Cold worked and aged 3 hours ............ 72.1 12.1 ree 
Cold worked and aged 24 hours .......... 46.5 9.6 162.0 » | 
Cold worked and aged 7 days ............. 65.3 9.9 148.0 , 
Per cent drop in impact due to cold working 0 56.0 &S 
Per cent drop in impact due to aging ...... 45.7 46.2 id 16.0 
Total per cent drop in impact ......--.ceee- 45.5 76.3 11.3 19.0 
Actual decrease in impact due to cold work .... 23.3 g 1) 
Actual decrease in impact due to aging .... 55.0 8.5 date 64.0 
SOtes GeCreese Wi SE iaccesctaws Seuves 55.0 31.8 15.0 









treatment alone resulted in considerable embrittlement of the rimmed 
steel, while in the aluminum-treated steel the effect was only slight. 
Cold-working did not lower the impact strength of either steel in the 
fine-grained condition; in the coarse-grained condition the rimmed 
steel was embrittled considerably, while the aluminum-treated steel 
only slightly. 

If the relative drop in impact be expressed as the percentage 
drop due to each of the components of the strain-aging treatment, 
namely, the cold-working, and the aging proper (Table VIII), it 
will be noted that in both steels in the fine-grained condition prac- 
tically all of the embrittlement is due to the aging treatment proper. 
In the coarse-grained condition, the major embrittling factor was 
cold working for the rimmed steel, and aging for the aluminum 
treated steel. 

In Fig. 13 the impact data are plotted and smooth lines drawn, 
very roughly, because of the considerable scatter of individual points. 
Because of the large differences in the toughness of these four steels 
the lines are accurate enough to show the superior toughness of the 
aluminum-treated steel (a fact which has been known for many 
years). The grain-coarsening heat treatment, indeed, destroys its 
non-aging properties, and considerable embrittlement ensues. Yet, 
a glance at Fig. 13 will show that the strain aging curve of the SMA 
steel in the coarse-grained condition roughly coincides with the curve 
for the rimmed steel in the fine-grained condition. 

It will be remembered that the average coarse grain of steel 
SMA-15 referred to is much larger than that of the fine-grained 
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rimmed steel 19 (curves II and III in Fig. 13). As shown in 
Fig. 11, in the normalized condition the variation in grain-size of 
the two steels is slight compared to the exaggerated difference of 
orain-size in the steels represented in curves II and III. In other 
nite in these tests, only extremes in grain-size were tested, and 
from the fact that a very large grain had to be developed in the 
aluminum-treated steel in order to render it as susceptible to over- 


strain aging as a fine-grained rimmed steel, it is inferred that a 
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Fig. 12—(Left) Effect of Grain- Fig. 13——(Right) Effect of Grain 
Size on Over-strain Aging of Rimmed Size and Deoxidation on Strain 
and Aluminum-treated Steels. Aging. 


grain-size equal to that of a normalized rimmed steel would not 
result in any great embrittling effect, and the aluminum-treated 
steel would still be less susceptible to aging than the rimmed steel. 

An examination of Figs. 12 and 13 and photomicrographs in 
Fig. 11 will indicate that grain-size affects the impact resistance to a 
much greater extent than the hardness, although both hardness and 
impact tests indicate conclusively that grain-size is an important fac- 
tor determining the aging properties of steel. 

There is no doubt that, as measured by the hardness tests, coarse- 
grained steels are more susceptible to aging, both after quenching 
and after cold-working, than fine-grained steels. The grain-coarsen- 
ing treatment resulted in a great lowering of impact resistance of 
the steels both after quench and after over-strain aging. 

The above statements refer to the total aging effect, 1.c., the 
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combined effect of either quenching and aging, or cold-worki 































and 
aging. It must be emphasized here that the relative amounts of em 
brittlement due to either one of these two component effect vary 
with the grain-size and with the degree of deoxidation. Grain 


coarsening treatment lowers the impact and decreases the hardyes 
of rimmed steels considerably, and affects the aluminum-treated 
steel only slightly. Cold-working (2 per cent) has little effect oy 
fine-grained steels, causes brittleness in coarse-grained rimmed steel. 
and has only a slight effect on the coarse-grained SMA steel. Aly. 
minum-treated steel with artificially produced coarse grain aged con- 
siderably ; in the fine-grained condition this steel was practically non- 
aging. 

[t may thus be inferred that the fine grain-size of the aluminum- 
treated steels is, undoubtedly partly responsible for their low sus- 
ceptibility to aging, but a consideration of the grain-size of the steels 
of various degrees of deoxidation indicates that the fine grain-size 
is only one, and possibly a minor factor contributing to the non- 
aging properties of the aluminum-killed steels. 
in contradiction with the generally observed fact that rates of reac- 


This conclusion is 


tions are faster in fine-grained than in coarse-grained materials. [n- 
asmuch as the steels were heated at 1100 degrees Cent. (2010 degrees 
ahr.) it is possible that appreciable amounts of oxygen have been 
absorbed during this treatment, and the increased tendency of coarse- 
grained steels to age may be due to oxide precipitation. If repetition 
of the above tests using a neutral atmosphere should show this to be 
true, the above conclusion is subject to change. 


AGING AT ELEVATED TEMPERATURES 





Koster’ has shown that carbon and nitrogen may precipitate 
from ferrite independently of each other. By plotting the variations 
in coercive force with the temperature of aging he obtained separate 
maxima on the curves, one interpreted as due to the precipitation otf 
the nitrogen (150 degrees Cent.) and the other to that of carbon 
(300 degrees Cent.). Similar curves were obtained by Buchholtz 
** on a copper steel, where the curves representing varia- 
tions in hardness with aging temperature showed two peaks, one at- 







and Koster 






Ref. 36. 


“H. Buchholtz and W. Késter, “Ueber die Anlasshirtung Kupferlegierten Stabler,” 
Stahl und Bisen, Vol. 50, 1930, p. 687-695; disc. ibid. pp. 997-999, 
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tributed to the precipitation of carbon and the other to the precipita- 


tion Ol Cl ypper. 
Quench and the over-strain aging at elevated temperatures were 


‘nvestigated using three rimmed and one aluminum-treated steel. 
\ging curves were obtained for various temperatures varying from 
room temperature to 300 degrees Cent. (570 degrees Fahr.), and 
as a corollary it was attempted to discriminate between the effects 
of carbon and oxygen on the aging by plotting hardness increase vs. 
aging temperature for various periods of time. 

Over-stranm Aging Tests. For these tests three rimmed steels 


vere selected with varying carbon and varying oxygen content: 


Steel Carbon, Per Cent FeQ, Per Cent 
20 0.140 0.027 


16 0.148 0.046 
17 0.056 0.046 


Specimens of these steels were normalized in a nitrogen atmos- 
phere, ground to predetermined thickness and cold-worked by com- 
pressing in a die so as to reduce the thickness by 7 per cent. 
Hardness tests were made before and immediately after cold working. 
(he specimens were then heated at various temperatures and hard 
ness tests made after heating for various times. 

Plotting increase in hardness against aging temperature (Tl'ig. 
14), though giving some hints of a second maximum, failed to give 
evidence on the point. It is quite possible that the suggestions of the 
second peaks are manifestations of the precipitation of oxygen. Pos- 
sibly the two processes, the coagulation of carbide and the precipita- 
tion of oxide overlap each other and as a result no distinct sharply 
defined minima or maxima are produced. 

Quench-Aging. The above experiments were repeated on speci- 
mens given a quench-aging treatment. For these tests rimmed steels 
17 and 20, and the aluminum-treated steel SMA-15 were used. The 
latter is a low oxygen steel, and it was desired to test it in order to 
see whether or not the absence of oxygen would be reflected in the 
shape of the hardness-aging temperature curves. 

The specimens were normalized in a nitrogen atmosphere, then 
heated for 1 hour in a nitrogen atmosphere at 700 degrees Cent. 
(1290 degrees Fahr.), and finally quenched in water. In Fig. 15 
the increase in hardness due to aging is plotted against the aging 
temperature for various periods of time. The curves show one 
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maximum which shifts to lower temperatures with the time, and in 
the two rimmed steels becomes very pronounced upon several hours’ 
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Quench Aging of Rimmed and Aluminum-treated Steel: at Elevate: 


aging. No second maxima of comparable magnitude appear; small 
peaks on some of the curves are apparently due to experimental 
error. Some softening occurred in the rimmed steel No. 17 upon 
aging at 250 degrees Cent. (480 degrees Fahr.) which was followed 
by hardening upon aging at 290 degrees Cent. (555 degrees Fahr.). 
lt is possible that a second peak would appear in this steel upon aging 
at still higher temperatures; however, no attempt was made to de 
termine this, owing to the lack of time. 


INFLUENCE OF DEOXIDATION ON THE RATE or AGING 


Although the above tests failed to demonstrate the precipitation 
of oxygen, the curves, nevertheless, are of interest since they give an 
insight into the rates of precipitation and of coagulation of the pre 

and in cipitated materials. Comparison of the curves in Fig. 15 will show 
| hours’ that at lower temperatures the rimmed steels aged much faster than 
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the aluminum-treated steel SMA-15. The latter steel lao 



























ehind 
and the peak appears at higher temperatures, and only a 
heating (6 days) is it shifted to the same low temperature as jy the 
two rimmed steels. Correspondingly, the softening in the SMA 
steel begins at higher temperatures for the same aging tiny The 
increase in hardness is never as great as in the rimmed steels, jpg; 
cating a slower coagulation or a lesser amount of precipitated mate 
rial. It will be noted that the intersections of the SMA curves wit! 


the zero line are consistently to the right of those for the rimmed 
steels, and that the SMA steel does not soften below the original (4. 
quenched) hardness until the temperature of about 150 to 200 de 
grees Cent. (300-390 degrees Fahr.) is reached, while the rimmed 
steels soften to below the original hardness at as low temperatures as 
75 degrees Cent. upon long aging. At low temperatures the SMA 
curve is below those for rimmed steels, and at higher temperatures 
it is above. Steel 20 has the same carbon content as SMA-15, and 
it is apparent that the difference in the behavior of the steels in the 
quench-aging test results from the differences in the deoxidation 
methods applied to these steels. 

It may thus be said that though the irregular peaks observed in 
the curves point to the possibility of independent precipitation of 
oxides, the data are not sufficiently accurate and consistent to wai 
rant any definite conclusions. It is apparent, however, that the 
precipitation hardening in the aluminum-treated steel is suppressed. 
As has been discussed earlier in this paper this suppression may be 
due either to the low oxygen content of these steels, to the retarding 
action of the finely dispersed alumina particles upon the diffusion of 
carbon in the ferrite, to the finer grain-size, or to the combined effect 
of two or all three of these factors. 


SUMMARY 


1. A series of steels was chosen representing a wide variation 
in the deoxidation practice and the carbon range of 0.02 to 0.25 per 
cent. These steels included rimmed steels, semi-killed steels, silicon- 
killed steels, and aluminum-killed steels. 

2. Thirty-four steels representing the above four classes were 
tested for aging after quenching and for aging after cold working. 
Impact, hardness, and tensile tests were used for appraising the sus- 
ceptibility of the steels to aging. The steels were normalized prior 
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» tests; a few steels were also given aging treatments without 


to aging 


revious normalizing, and three low oxygen steels, deoxidized with 
} 


manganese, Silicon, and aluminum, were tested for over-strain aging 
after they had been given a box-annealing treatment. 
3. Deoxidation has a very pronounced effect on the over-strain 
and the quench-aging of mild steel. Generally, the more thorough the 
deoxidation the less marked is the tendency of steel to age. 

|. Normalized rimmed steels are very highly susceptible to 
quench-aging, the maximum effect being reached in steels containing 
0.04 to 0.05 per cent carbon. In the semi-killed steels the aging is 
considerably less than in the rimmed steels and the aging effect shows 
the same general tendency to diminish with increasing carbon content. 
Che silicon-killed steels quench-age considerably, but only about half 
as much as the rimmed steels. 


5. Steels killed with aluminum quench-age very little, the de- 


cree of aging decreasing with increasing carbon content. In the 
carbon range of from 0.2 to 0.25 per cent they become practically 
free from quench-aging. 

6. Rimmed, semi-killed and silicon-killed steels are very sus- 
ceptible to over-strain aging even in the higher carbon range. Alu- 
minum-killed steels strain-age considerably less, the embrittling ef- 
fect of the strain aging treatment decreasing with the degree of 
deoxidation. 

7. In the “as-rolled” condition all steels are very susceptible to 
over-strain aging. However, the strain aged SMA steels possess a 
better impact resistance than the other aluminum-killed and semi- 
killed steels investigated. 

8. The change in hardness with rising temperatures of quench- 
ing (300 to 715 degrees Cent.) was determined and correlated to the 
degree of aging after quenching. The degree of hardening of nor- 
malized steels upon quenching from subcritical temperatures decreases 
with increasing carbon content and with the degree of deoxidation, 
indicating that both carbon and oxygen are factors determining the 
degree of supersaturation of the ferrite and consequently the aging 
properties of steel. 

9. In view of considerable variations in the grain-size with 
the method of deoxidation, a brief study was made of the influence 
of grain-size variations on the aging characteristics of steel. Fine 
grain-size resulting from deoxidation with aluminum is partly re- 
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sponsible for the comparative immunity of aluminum-ki! 


Steels 
to aging. 

10. It is possible that highly dispersed alumina particles jy ¢h, 
aluminum-treated steels may contribute to their non-agin, roper 
ties possibly through decreasing the rate of carbon diffusion in ferris, 

ll. The effect of time and temperature on the aging characte, 


istics of several steels was studied by means of aging tests carried oy) 
at elevated temperatures (20 to 300 degrees Cent.). Using theg 
data an attempt was made to demonstrate the independent precipit 
tion of oxides. 

12. Deoxidation decreases the tendency of mild steel to age, 


(1) because it lowers the dissolved oxygen content of the steel, (2 


through the formation of finely divided particles of deoxidation prod. 
ucts it refines the grain-size, and (3) possibly reduces the rate o| 
carbon diffusion in ferrite. 


DISCUSSION 


Written Discussion: By L. R. van Wert, Harvard Graduate School 
engineering, Cambridge, Mass. 

One’s comments on a paper of the excellence of this one must be large! 
confined to commendatory words. This paper is, as none can doubt, a signal 
contribution to the literature of aging. It would seem that one cannot noy 
much doubt the cause-effect relationship between age-hardenability of stec! 
(in either of its two manifestations) and the degree of its deoxidation. T! 
statement (on page 624) “ .. . ., it will be noted that the hardening effect « 
cold-working alone is much greater in the rimmed than in the SMA steel,’ 
suggests this question: Is not the apparent greater work-hardenability oi 
steel of higher oxygen content simply a manifestation of the latter’s greater 
age-hardenability, that is to say, is not much of the seemingly abnormal increas 
in hardness resulting from deformation of this steel merely the consequen 
of actual aging during the deforming operation ? 

Written Discussion: By John L. Burns, Republic Steel Corporatio 
Chicago. 

This discussion refers only to aging after quenching from sub-critical 
temperatures. 

The authors have set out to prove that deoxidation affects aging of mil 
steel and have concluded that the most effectively deoxidized steel is least prom 
to aging. The writer does not dispute the fact that deoxidation may affect th 
aging, but the authors have not proven their point. 

In Fig. 7 the authors show the effect of carbon content on the points 1 
crease in hardness (Rockwell “B”) due to aging for both rimmed and killed 
steels. In so doing they have apparently missed the meaning of their method 


of testing. The Rockwell “B” numbers are arbitrarily chosen figures to meas 















ke 


all 


steel. | 


ion prod- 


C rate of 


i 


school 


be large] 
t, a signal 
innot no 
y Of steel 
Hon, Ti 
y effect « 
LA steel,’ 
ity of tl 
"§ preater 
il in reasi 


nsequet 
rporatiot 
ub-critical 


g of mil 
‘ast prot 
affect th 


points i 
ind kille: 
ir method 


to meas 


DISCUSSION—DEOXIDATION OF MILD STEELS 


ness differences and so an increase of a given number of points overt 


tion of the scale has not the same meaning as a similar increase ovet 


a 
we of that scale. 


example, a plot of Rockwell “B” hardness against tensile strength 
gainst per cent carbon in the annealed condition) results not in a straight 
but in a curve of the general form shown below. 


Killed steels are harder than rimmed steels of similar 


ct 


Tensile Strength or % Carbon 


carbon content and, 


Rockwell “B” 


Fig. 1—Curve Showing General 
Rockwell ‘“B”’ 
Strength. 
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Ih Data Replotted from Table V_ for 


: Rimmed, Semi-Killed, Silicon-Killed 
\luminum-Killed Steel 


and 


therefore, the increase in hardness numbers will be less for killed than rimmed 
steels 


In Fig. 2 of this discussion the authors’ results are replotted, where the 


pomts increase in hardness are plotted against the base hardness 
malized hardness) instead of against per cent carbon. it will be noted that 
all of the types of steel are included in the hardness plot and that there is no 


(as nor 
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apparent difference in the points hardness increase for any type of 
where the base hardness readings are similar. 

The writer would refer the authors to his paper’ which they hay: 


parent 
ly overlooked, where the effect of increasing carbon content upon 
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Fig. 3—Effect of Increasing Carbon Content 
on Hardness Changes Due to Aging of Plain 
Carbon Steels. 
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Fig. 4-—Effect of Introduction of Carbon in Solution (Supersaturated) 
in Alpha Iron. 
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of steels is discussed. Fig. 3 of this discussion is reproduced from this paper 
and the following is quoted as an explanation. 


“A plot in Fig. - of the results in Tabie 








brings out the fact that 
the aging as measured by hardness increase in the higher carbon steels is ver) 
slight as compared to that in low carbon steels. This would tend to lend 
credence to the possibility that aging is due to oxygen, and that because oxyge! 
in solution decreases with increasing carbon content the aging decreases. It 
should be pointed out, however, that changes in physical properties are not 

Classification of Alpha Iron-Nitrogen and Alpha Iron-Carbon as Age-Hardenins 


Alloys,” John L. Burns, Transactions, American Institute of Mining and Metallurgi 
Engineers, Iron and Steel Division, 1934, 
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a measure of precipitation, but an indicator. This is especially true 
ec original physical properties differ as they do in the case of low 


and high carbon steel. The X-ray measurements bring this out quite 


4 of this discussion shows the X-ray results to which reference is 
The lattice parameter change for high carbon steels is the same as 
that for low carbon steels above 0.10 per cent carbon. The results for steels 
below 0.03 per cent carbon are for rimmed steels, The other steels are silicon 
killed. 
[In summarizing, the writer contends that the authors have not proven 
that deoxidation affects the quench aging of mild steel but quite the contrary, 
‘e. that it is without effect. 


Authors’ Closure 


The authors appreciate the kind comments of Dr. L. R. van Wert. A\l- 
though no experimental confirmation was obtained during this investigation, 
the authors are inclined to share Dr. van Wert’s opinion that much of the 
apparent increase in hardness resulting from the deformation of rimmed steel 
is merely a consequence of actual aging taking place during the deforming 
operation. To this it might be added that some of this apparent work-hard- 
ening is due to aging that has taken place immediately after the cold working 
operation, before testing. Certain time has necessarily been allowed to elapse 
between the deforming operation and the testing, and, therefore, considerable 
portion of the hardening here referred to as work hardening, must actually 
be due to aging in the first few seconds or minutes immediately after the 
deformation, when the rate of aging is the greatest. 

The discussion by Mr. J. L. Burns gives the authors an opportunity to 
elaborate on certain points which have been treated elsewhere in the paper 
but apparently have escaped Mr. Burns’ attention. In his attempt to show 
that the authors have not proved that deoxidation affects the quench-aging of 
mild steels, Mr. Burns steps into the slippery grounds of applying certain 
generalizations to a particular set of data obtained on a group of commercial 
steels. 

Mr. Burns’ graphs in his Fig. 2 showing the hardness increase upon 
aging, or quenching and aging versus the hardness of steels in the normalized 
condition, have no significance in the evaluation in the influence of deoxidation 
on the aging. The point of discussion in this paper is the increase of hardness 
of steel due to disintegration of solid solution (ferrite) obtained by quenching, 
i.ec., aging. The amount of aging is determined by the amount of the pre- 
cipitable solute in the ferrite of the quenched steel and the amount and degree 
of dispersion of the precipitated material upon aging treatment. These fac- 
tors are by no means determined by the hardness of the steel in the normalized 
condition. Therefore there is no justification in basing any conclusions from 
graphs obtained by plotting the increase in hardness due to aging versus the 
hardness of normalized steels, and consequently, Mr. Burns’ conclusions based 
on false premises are not correct. 

In Fig. 1 of this closure the increase in hardness due to aging proper is 
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Fig. 1—Increase in Hardness Due to Aging Plotted Against “True Base 
Hardness.”’ 





plotted versus the “true base hardness,” i.e., the hardness of steels in the as- 
quenched condition. It is true that in both types of steel (rimmed and killed) 
the amount of aging decreases as the “base hardness” increases, but the whole 
curve for the rimmed steels lies far above the curve for the killed steels. Com- 
parison of points 1 with 2 and 3; 4 with 5; 6 with 7 and 8, and 9 with 10 
indicates very clearly that the rimmed and the aluminum-killed steels of the 
same hardness in the as-quenched condition, or nearly the same carbon content, 
or both, behave quite differently, namely, the aluminum-killed steels in all cases 
age less than the rimmed steels. 

In Fig. 2 of this reply the data of Table V are replotted to show the effect 
of carbon on the quench-aging. Quenched rimmed steels are represented b) 
black dots, and quenched aluminum-killed steels by crosses. The values for 
the aged steels of both types are encircled. On the horizontal line A:-As-As-A; 
two rimmed and two aluminum-killed steels are picked out, of nearly the same 
initial hardness (as quenched from 700 degrees Cent.). Vertical lines drawn 
to points As, As, Ae and As representing the hardness of the same steels upon 
aging, indicate very clearly that the rimmed steels of the same initial hardness 
(as quenched) in all cases age more than the aluminum-killed steels. Points 
B:, Bs, Bs and Bs, Bu, Be serve further to illustrate this statement. 
These data are sufficient to prove conclusively the fallacy of Mr. Burns’ 


interpretation of the data presented in Table V. Sufficient data are given else- 
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Fig. 2—Data of Table V Replotted to Show Effect of Carbon on 
the Quench-Aging. 


where in the paper to show that although in both types of steel the aging is 
less the higher the carbon content and the higher the initial hardness, the alu- 
minum-killed steels age consistently less than the rimmed steels of the same 
carbon content and the same initial hardness (in the as-quenched condition). 

This conclusion is substantiated by other data given in the paper, and is 
in agreement with previous reports by other investigators, some of which have 
been mentioned in the first part of the paper. 























THE DIFFUSION O-* ELEMENTS IN SOLID IRON 
By GERARD E. CLAUSSEN 
Abstract 


The nature of diffusion of elements in solid iron and 
stecl 1s discussed from two standpoints: 
1. Diffusion rates, a compilation of available data o1 
which has been prepared ; 
2. Microstructure. 
The changes in microstructure in steels and iron-coppe 
alloys induced by isothermal addition and diffusion of 
phosphorus are closely related to, and may be partly a 
counted for by, ternary phase diagrams or chemical aj 
finities. 


IF FUSION, the movement of one material through another in 
the direction of a concentration gradient, is a fundamental 
term that is invoked in the elucidation of many physico-metallurgical 
phenomena, such as welding, aging, coring, and banding. To be of 
assistance in explaining these phenomena in iron and steel, the term 
diffusion itself should be supported by quantitative data on diffusion 
rates and by acceptable notions of the mechanism of diffusion. 
DIFFUSION RATES 
The quantitative measure of diffusion at a given temperature is 
the diffusion constant of the well-known Fick’s Law. The informa- 
tion required to calculate the constant, usually denoted by D and 
expressed in cm*/day, includes the time of the diffusion experiment 
and the concentrations of the diffusing element at the surface and 
at a known depth within the diffusion layer. The heat of diffusion, 
kX, expressed in cal/mol, is loosely interpreted as the minimum energy 
that must be possessed by a diffusing atom in order to move about, 
and may be calculated from values of the diffusion constant at two 
or more temperatures. Values of D and E previously reported or 
calculated with the aid of layer analyses to which Fick’s Law has not 












The author, Gerard E. Claussen, is research assistant, American Welding 
Society and Department of Mechanical Engineering, Polytechnic Institute, 
Brooklyn, N. Y. Manuscript received October 15, 1935. 
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DIFFUSION IN SOLID IRON 


Table I 
Diffusion Constants of Elements in Solid tron" 


Temperature 
Degrees 
Cent. D cm®/day * 10 . Observer 
130 
850 328 
900 648 
950 1020 (0.000 
1000 1730 
1050 2420 
1100 3880 


550 185 
800 104 
850 260 
900 520 
950 930 31,000 
1000 1170 
1050 2160 
1100 3460 


Aluminum . vs veae ee 33 
1000 170 49,000 


900 6») 
1150 125 


950 8 .¢ 

1000 17.2 

1050 34 46,000 
1100 


Phosphorus .... 950 ¢ 
1000 3. 46,100 
1040 


L000 


Sulphur .. eee i.é Joe 
LO00 aia 
1050 ; 26,700 
1100 e (approximately ) 
1150 

Molybdenum ... 1200 


Chromium iat azole cee ae 
1200 15 135,000 
1300 


Manganese pide 160 
1400 
lungsten SS aan. f . 1280 3.2 
1330 21 
1400 
NOOMME ce ceas ‘ 0.8 (5) 


*The diffusion of a large number of elements in iron and steel has been studied, among 
others, by J. Laissus and by L. Guillet but their published results unfortunately cannot be 
used to calculate linear diffusion rates. 


Che rate of diffusion of hydrogen through iron has recently been determined by C. J. 
Smithells and C. E. Ransley (12). 


hitherto been applied are collected in Table I. Needless to say, the 
experimental data are not of uniform reliability. 

In view of the principal assumptions upon which Fick's Law 
is based, namely: that the material in which diffusion occurs remain 


isotropic and homogeneous, it is surprising that the majority of the 
elements diffuse strictly according to Fick’s equation. A notable 
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exception is chromium at 1200 degrees Cent. (2190 degrees [ah, 
the diffusion constant for which is much lower in the move. thar 
in the less, concentrated layers. Again, whereas Fick’s Law ma 
be strictly obeyed, the heat of diffusion may change with temperg 
ture, as in the case of sulphur. Among well over a score o{ pro- 


posed equations for expressing the diffusion of elements into metals 
ick’s equation appears to be the most satisfactory and the least 
empirical. 

The diffusion constant may also depend upon the manner jy 
which the diffusing element is presented to the surface of the jroy 
The diffusion constant of carbon may be much higher from a fused 
cyanide bath than from an atmosphere of carbon monoxide at the 
same temperature; perhaps the liquid bath alters the surface poten 
tial and yields a higher carbon concentration at the surface. 

The difference between the rates of diffusion of an element in 
alpha and in gamma iron is shown by the high value of D for nitro- 
gen at 550 degrees Cent. (1020 degrees Fahr.). Although the quali- 
tative nature of isothermal diffusion across a heterogeneous field o{ 
alpha and gamma has been described (6),' the quantitative course 
of the concentration-depth curve across such a field seems to requir 
further study, for there may be an elbow in the curve (7), (8) at 
the compositions corresponding to the compositions of the conjugate 
alpha and gamma solid solutions, or there may be a discontinuity 
(10). The former course implies a difference in diffusion rate of the 
element in the two forms of iron, phosphorus thus appearing, accord- 
ing to Bramley’s results, to have a higher diffusion rate in alpha 
than in gamma iron at 1000 degrees Cent. (1830 degrees Fahr.). 
The latter course suggests that the conjugate solid solutions have dit- 
ferent compositions at the temperature of diffusion. The ideal iso- 
thermal concentration-depth curve across a heterogeneous phase field 
contains both a discontinuity and a change in diffusion rate corre- 
sponding to the conjugate solid solutions. 


It is premature to draw general conclusions about the diffusion , 


of elements in iron and steel from the meager results of Table |. 
Nevertheless it appears that the more rapidly diffusing elements are 
members of groups in the Periodic Table farther removed from 
Group VIII, the iron group, than the more slowly diffusing elements. 
The outer electron shells are therefore, as would be expected, im- 
portant factors in diffusion. Other criteria of diffusion rate that 





1The figures appearing in parentheses refer to the bibliography appended to this paper 
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have been found useful in salts and nonferrous metals, such as crys- 
tal structure (13), cannot yet be developed for iron. 

It is also difficult to explain the effect of impurities in the iron 
on subsequent carburization or nitriding. A small amount of sulphur 
in iron depresses the rate of diffusion of carbon far more than an 


equal atomic proportion of phosphorus or oxygen; the rate of dif- 


fusion of nitrogen in iron at 900 degrees Cent. (1650 degrees Fahr.) 
is actually increased by the presence in the iron of 2 per cent oxygen 
by weight. Fischbeck (14) has pointed out that the reduction in 
rate of nitriding at 550 degrees Cent. (1020 degrees Fahr.) by the 
presence of carbide in the steel is purely mechanical; the structural 
condition of the carbide, whether as grain envelopes or as spheroids, 
might then control the rate of diffusion to a great extent. That 
carbon and nitrogen diffuse at the same rate at 900 to 1100 degrees 
Cent. (1650 to 2010 degrees Fahr.) regardless of each other’s pres- 
ence may be due to the interstitial character of their austenite solid 


solutions. 


Microscopic Stupy oF PHosPpHORUS DIFFUSION 


The time-concentration characteristics expressed by diffusion 
rates are not sensitive indicators of the mechanism by which an ele- 
ment diffuses into iron and steel. Indeed, beyond the fact that ac- 
tivated adsorption of the diffusing element on iron is probably a 
necessary condition for volume diffusion, there is little that is defi- 
nitely established about the atomic or sub-microscopic mechanism of 
metallic diffusion. The microscopic mechanism of diffusion of ele- 
ments such as phosphorus in iron has, on the other hand, been ex- 
plained and related to the binary phase diagrams (6), (7). 

The microscopic mechanism of the diffusion of phosphorus into 
steel may be explained with the aid of the iron-iron carbide-iron 
phosphide diagram (15) of which two vertical sections derived from 
the results of R. Vogel are shown in Figs. 1 and 2. 

Upon heating a 0.3 per cent carbon steel in phosphorus vapor at 
930 degrees Cent. (1705 degrees Fahr.) phosphorus diffuses into 
austenite until, the phosphorus content reaching about 0.3 per cent 
according to Fig. 1, the surface of the specimen is converted to alpha 
phase containing phosphorus but very little carbon. As phosphorus 
continues to pass across the interface: alpha-gamma, the alpha layer 
is thickened at the expense of austenite which, at the junction with 
alpha, becomes richer in carbon. A layer of phosphide free from 
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carbon simultaneously forms on the outer surface of the 





layer of alpha if the phosphorus pressure is adequate. Why 


a specimen is quenched from 930 degrees Cent. (1705 degrees Fahy 


Suc] 


the soft alpha case encloses a hard, high carbon core. 
When a steel containing 1.3 per cent carbon is phosphorized a 
930 degrees Cent. (1705 degrees Fahr.) no alpha layer is formed 


in accordance with Fig. 2 in which no alpha field exists at 930 de 
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Per Cent Phosphorus 











Fig. 1—Vertical Section Through Fe—FesC-——FesP Phase 
Space Constant Ratio Fe:C—99.7 : 0.3 Derived from Dia- 
grams by R. Vogel (15). 



















grees Cent. (1705 degrees Fahr.), but instead iron is abstracted 
from the austenite to form a carbon-free phosphide. The high carbon 
case on such a specimen water-quenched from 930 degrees Cent 
(1750 degrees Fahr.) is shown in Fig. 3. 

If phosphorization of the 1.3 per cent carbon steel is carried 
out at a temperature above 955 degrees Cent. (1750 degrees Fahr.), 
the temperature of the ternary eutectic: austenite-Fe,C-Fe,P, the 
product in equilibrium with austenite is no longer a solid, carbon- 
free phosphide but a liquid rich in phosphorus and carbon which 
“wets” the surface of the steel. In Fig. 4 this liquid, slightly hypo- 
eutectic in agreement with Fig. 2, is shown penetrating along the 
grain boundaries of austenite. 

Phosphorus-rich liquid also penetrates along the grain bound- 
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aries of the columnar alpha zone in 0.3 per cent carbon steel as 
shown In Fig. 5. A little Fe-C-P eutectic was added to the phos- 
hide layer on this sample to reduce the melting point below quench- 
om temperature, 960 degrees Cent. (1760 degrees Fahr.). Carburi- 
vation of alpha by liquid is shown by the dark martensitic, partly 
‘used border of the jagged band of alpha phase. Although the re- 
action between carbon-rich liquid and alpha has evidently been rapid, 
the diffusion of phosphorus has also been sufficiently rapid to main- 
tain a zone of alpha separating the carbon-rich liquid on the outer 


7+ FesC+FesP 
a x¥+FesC } } ; 


, 
“+ 


Per Cent Phosphorus 


Fig. 2—Vertical Section Through Fe—Fe,;C—Fe, 
Phase Space Constant Ratio Fe:C—98.7 : 1.3 De 
rived from Diagrams by R. Vogel (15). 


surface from the carbon-rich austenite on the inner. The gradual 
accumulation of carbon beneath the alpha zone during measurement 
of the diffusion rate of a loop-forming element into low carbon steel 
probably causes progressive reduction of the rate as the time of 
diffusion is increased. 

The microscopic nature of phosphorus diffusion in iron-copper 
alloys at 950 degrees Cent. (1740 degrees Fahr.) is much the same 
as in low carbon steels; that is, a layer of columnar alpha crystals 
concentrates copper in the austenitic core. Although copper when 
pure is rapidly converted to phosphide in phosphorus vapor at tem- 
peratures as low as 600 degrees Cent. (1110 degrees Fahr.), it is 
extraordinarily resistant to phosphorization when it is alloyed with 
iron. The 50 per cent Cu-50 per cent Fe alloy shown in Fig. 6 was 
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Fig. 3——Photomicrograph of 1.3 Per Cent Carbon Steel Phosphorized One Hout 
930 Degrees Cent. Water-Quenched. Etchant 5 Per Cent Nital. x 100. 

Fig. 4——Photomicrograph of 1.3 Per Cent Carbon Steel Phosphorized One Hour at 
960 Degrees Cent. Water-Quenched. Etchant 5 Per Cent Nital. % 500. 

Fig. 5—Photomicrograph of 0.3 Per Cent Carbon Steel Phosphorized One Hour at 
960 Degrees Cent. in Contact with High-Carbon Liquid. Water-Quenched.  Etchant 
Per Cent Nital. & 100. 

Fig. 6—Photomicrograph of 50 Per Cent Tron, 50 Per Cent Copper Alloy, Phos 


phorized One Hour at 1020 Degrees Cent. Slowly Cooled. Etchant 5 Per Cent Nital 
100 


heated for one hour at 1020 degrees Cent. (1870 degrees Fahr.) in 
phosphorus vapor yet, aside from a thin network of copper phos- 


yhide at the extreme edge of the specimen, the copper was unat- 
S 
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racked. The iron, on the other hand, was converted to phosphide to 
4 considerable depth below the surface. The stages in the conversion 
of iron to phosphide are illustrated in the photomicrograph. ‘The 
austenite at 1020 degrees Cent. (1870 degrees Fahr.) is first con 
verted to alpha, whose position is shown by the white band across 
the dendrites, then to a liquid of undetermined composition but of 
eutectic structure, and at last to massive iron phosphide. It may 
thus be concluded, by analogy with similar observations on the re- 
sistance to high temperature oxidation of copper in iron-copper 


alloys, that the heat of formation of copper phosphide is less than 


that of iron phosphide. 
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OPEN-HEARTH TEMPERATURE CONTROL 
By EARNSHAW CooK 
Abstract 


The calibration “ use of optical pyrometers in steel 
making are discussed in detail. A workable system of 
temperature control for he open-hearth is suggested with 
reference to the limitations of instruments and melting 
practices. Operating data are presented together with 
such items of plant practice as may be benefited by suc 
cessful application of the methods. 


NE of the most important phases of steel plant practice involves 
() the development and maintenance of uniform temperature con- 
trol throughout the operations from blast furnace to finishing mills. 
echnical publications on this subject have been concerned largely 
with the calibration of optical and radiation pyrometers and include 
large amounts of valuable information as to the proper correction 
factors to be applied to temperature observations of molten and solid 
metals in the furnace under black body conditions where the object 
and its surrounding media may be at similar temperatures, or outside 
the furnace where they certainly are not. The most interesting dis- 
sertations have been published by the U. S. Bureau of Standards, by 
\dolph Fry’ and Rudolph Hase.? 

While the furnace man is little interested in the question of abso- 
lute temperatures if he is provided with a dependable method for 
obtaining comparable readings, certain suggestions translated from 
ry’s final summary may be repeated to advantage 


“On the basis of the observation that oxide or slag films on the 
melted metal as well as mirror-like streaks on streams of molten 
steel radiate practically like black bodies, it is recommended for 
the optical temperature measurement of fluid steel that use be 
made of the radiation of the brightest spots, oxide or slag films 


Adolph Fry, Stahl und Eisen, November, 1924. 


*Rudolph Hase, Archiv fiir das Eisenhiittenwesen, Vol. 4, November, 1930 


\ paper presented before the Seventeenth Annual Convention of the So- 
ciety in Chicago, September 30 to October 4, 1935. The author, Earnshaw 
Cook, is research metallurgist, American Brake Shoe and Foundry Co., Chicago 
Heights, Illinois. Manuscript received February 15, 1935. 
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or mirror streaks, particularly since the present invest 
has shown that the formerly customary measurements th 




















radiation from clear surfaces can lead to error. Since in tec} chs 
nical practice optical temperature measurements are at Se) i 
carried out in various ways and since there is no general e ee 
ment as to the absolute accuracy of the results obtained, jt j< ail 
urgently advised in the case of all such measurements that cay, the 
ful note be made of the particular method so that the valyes on 
obtained will be comparable with other measurements.” of 
Hase seems to have obtained similar confirmatory evidence wa 
his investigation of the temperatures of cupola iron: 
7 )ptical pyrometer measurements (of molten iron) showed the mn 
lowest apparent temperature at the taphole amounting to 2370 i 
degrees Fahr. (1300 degrees Cent.) as compared to the thermo 0! 
couple indication of 2470 degrees Fahr. (1355 degrees Cent. ” 
The curve shows that the further the measuring point moves be 
away from the taphole the more nearly the apparent tempe: 
atures approach the true value which they reach with sufficient ™ 
accuracy for all practical purposes at the end of the channel a 
This curve can well be interpreted in terms of progressive oxida ™ 
tion of the surface. If for this particular case, emissivity is " 
calculated on the basis of the radiation formula, values are ob = 
tained which increase continuously from 0.62 at the taphole to 
0.95 at the end of the channel.” 
0 
Apparently the general dissatisfaction with temperature ob ‘a 
servation is not confined to American practice and may account for 
the reticence of investigators to include temperature measurements 
in published reports. Although reference is occasionally made to 
optimum tapping and pouring temperatures for killed or rimmed 
steels, the actual limits are frequently described as “neither too hot : 
nor too cold.” While technical comment and practice is calculated 
toward tapping temperatures so regulated as to produce 500 to 1000 
pounds of ladle skull for top poured steel, the literature is compara 
tively restricted concerning practical methods of accurate tempera- 
ture control for steel making. Q 
nN 
CALIBRATION OF INSTRUMENTS ( 
Temperature observations of molten metals have been more suc- t 





cessfully attempted by the disappearing-filament type of optical py- 
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neter whereby the glowing wire of a small electric lamp is blended 
against the light emitted by the particular hot body as_ received 


oh a telescope provided with lenses and color screens suitable 


for the purpose. The lamp situated in the telescope is lighted and 


controlled from a portable case containing dry cells, variable rheostat 
and ammeter. Comparison is made of the current flowing through 
the blended filament as measured in milliamperes with that shown 
on a calibration chart previously standardized by similar observations 
of hot bodies at known temperatures over the range extending up- 
ward from 1100 degrees Fahr. (595 degrees Cent.). 

In an effort to establish pouring temperature control in 1926 it 
was found impossible to check the readings of any two optical py- 
rometers in service against each other or as referred to the weight 
of ladle skulls from heats of similar chemical specifications. The 
variations from the calibrations occurred after the instruments had 
been in service for different and extended periods of time and ap- 
peared to result from any one of a number of conditions: unclean 
lenses, gradually deteriorating filaments, changing ammeter charac- 
teristics, et cetera. Such complete lack of confidence was so generally 
apparent in the observations that it became necessary to abandon the 
original calibrations and establish empirical standards which could be 
regularly and conveniently checked under operating conditions. 

Fortunately this necessary reference point was provided by the 
apparent freezing of killed low carbon simple steel as simultaneously 
observed on the ingot tops with four different instruments over a 
series of heats briefly indicated in Table I. 


Table I 
Ammeter Readings: Milliamperes 


instru Tapping Pouring 
ment No, Stream Difference Stream Difference Difference 
456 0 424 0 0) 
462 6 432 8 ‘ 6 
468 12 440 16 4: 14 
480 24 452 28 24 


It was at once evident that the average variations of freezing 
point readings in amperes were uniformly reflected throughout the 
normal working range and the observed datum point was arbitrarily 
designated “2760 degrees Fahr.” (1515 degrees Cent.) as the mean 
temperature reported in the literature for the liquidus of 0.10 to 0.12 
per cent carbon iron. Since graphs of the original calibration charts 
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embx 





















against milliampere-temperature ordinates presented essentia par 
allel lines over the working range, the remainder of the temperatyy, 
scale for the plant standardization was similarly determined b, inter- 
polation and, so used until December, 1927, permitted the establish 
ment of a uniform system of temperature observation closel) 
parable within plus or minus 20 degrees Fahr. 

The inauguration of open-hearth temperature control for ay 
operation of seventeen 125-ton furnaces in the following year sug 
gested a review of the calibration methods and, after considerah, 
experimentation, it was found possible to obtain consistent reading 
of the melting points of %-inch copper, nickel, iron and platinum 
wires or strips fused in the open with direct current furnished by the 
motor generator set of the usual electric welding machine. The re- 
sults of the original determinations are shown in Fig. 1 together with 
the makers’ calibration of one of the instruments as received from 
the factory and corrected for emissivity. 

The parallel agreement of the several instruments over the work- 
ing range is apparent. The original M.A.-temperature curves of 
pyrometer No. 137162 gave the results shown in Table II. 


COm- 
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Table Il 










M.A.—Temperature Relationship of Pyrometer 137162 
Black 
Melting Body Transition Pt.* Emissivity* 
Point Calibration Correction Correction 
Degrees Degrees Degrees Degrees 
Element M.A. Fahr. Fahr. Fahr. Fahr 
Platinum 499 3224 3060 3160 3355 
[ron: C—0.10% 438 2760(?) 2660 2750 2905 
Mn—0.15% 
Nickel 426 2650 2580 2660 281 
Copper 356 1980 1980 2040 





*Leeds and Northrup catalogue No. 86 from data compiled by U. S. Bureau of 
Standards. 






















It may be explained that the “black body” temperatures are those 
obtained from optical pyrometer observations within a uniformly 
heated furnace in which the temperature is measured by a stand- 
ardized thermocouple; the “transition point” corrections are those 
for the reported difference between thermocouple temperatures and 
simultaneous observations in the open on liquid iron near the freezing 
point where an apparent change in the character of the surface oc- 
curs; while the “emissivity corrections” are those for the reported 
difference between optical pyrometer measurements of molten steel 
under black body conditions and in the open. 
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It should be thoroughly understood at this time that the purpose 
of the investigation was to establish a comparable, readily checked 
calibration of optical pyrometers for steel plant purposes, approach- 
ing absolute temperature ralues as a secondary consideration. Recog- 
nition of the reported laws of emissivity was included only insofar 
as the reference observations were made in the open with complete 
absence of black body conditions with the possibility that any neces- 
sarv corrections might be thus automatically obtained. 

~ One further concession was made in the final calibration; since 
the emissivity correction appears to be a linear function of the black 
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Fig 1—Direct Calibration Curves of Optical Pyrometers. 


body temperature, it seemed more important that the best average 
straight line be drawn for the melting point calibration with black 
body versus emissivity correction ordinates (Fig. 2) than for those 
of milliamperes versus melting temperatures (Fig. 1). This in ef- 
fect changes the melting point of 0.10 per cent carbon steel from 2760 
to 2755 degrees Fahr. (1515 to 1512 degrees Cent.) and causes inter- 
section of the black body calibration at 2250 degrees Fahr. (1230 
degrees Cent.) just below the melting point of solid iron oxide which 
is reported to have an emissivity approaching unity. Iron oxide scale 
melts freely in soaking pit practice above 2250 degrees Fahr. (1230 
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degrees Cent.) where the emissivity is said to decrease® and continy- 
ously increasing positive corrections are required. It should be noted 
that the broken line for instrument No. 137162 in Fig. 1 should pe 
used for M.A.-temperature calibrations with melting points as being 
more consistent with the corresponding emissivity corrections o| Fig. 
2 than the original curve. | 


Table Ill 


Tabulation of Emissivity Corrections for Steel in the Open 
(Reported within + 5 Degrees Fahr.) 
















Black Body Melting Point Steel in Open 









































Degrees Fahr. Degrees Fahr. Degrees Fahr 
2455 2500 2665 
2470 2520 2685 
2485 2540 2705 
2500 2560 2725 
2520 2580 2740 
2535 2600 2760 
2550 2620 2780 
2570 2640 2800 
2585 2660 2820 
2600 2680 2835 
2620 2700 2850 
2635 2720 2870 
2650 2740 2890 
2670 2760 2910 
2690 2780 2930 
2705 2800 2950 
2720 2820 2970 
2735 2840 2990 
2755 2860 3005 
2770 2880 3025 
2790 2900 3045 
2805 2920 3065 
2825 2940 3085 
2840 2960 3105 
2855 2980 3120 
2870 3000 3140 
2890 3020 3160 
2905 3040 3180 
2920 3060 3200 
2940 3080 3215 
2955 3100 3240 
2970 3120 3255 
2990 3140 3275 
3005 3160 3295 
3020 3180 3310 
3040 3200 3330 


3055 3220 3350 











Graphs of the black body, transition point, steel in the open and 
melting point calibrations are shown in Fig. 2 and in tabular form 
in Table III. It would seem that the straight line relation of the 
black body and melting point curves in Fig. 2 might be more than 
coincidental. The relative accuracy of the latter would predicate 
closely corresponding emissivities in the liquid phase for the four 
metals employed in the experiments, which has been reported to be 


















2U. S. Bureau of Standards, Bulletin No. 91. 
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the case for platinum, iron and nickel.‘ To further examine this 
phenomenon, simultaneous temperature measurements were con- 
ducted with an optical pyrometer and a platinum couple in a special 
protection tube immersed in the hot top of a 0.10 per cent carbon 
killed ingot immediately after teeming. The thermocouple was pre- 
heated in the top of the previously poured ingot. 





I8BOO 2000 2200 2400 2600 2800 3000 3200 $4OO 3600 
Corrected Temperature , F. 


Fig. 2—Emissivity Corrections for Optical Pyrometers 


lt is evident that the difficulties of calibration are complicated by 
uncertainties regarding the condition of the surface under observa- 
tion. The thermocouple apparently failed to reach the freezing 
temperature at which the transition and melting point calibrations 
(columns 3 and 5) check. The correction for steel in the open 
(column 4) is obviously in error for the temperature of the solidify- 
ing surface. Is it then more reasonable to believe that supercooling 
and solidification phenomena may allow steel to be poured below the 
treezing point (Tables IV, VI, VII) or that the last metal poured 
in the hot top loses 140 degrees Fahr. (columns 3, 4) in temperature 
instantaneously? Is this an optical effect or an actual temperature 
increment resulting from the solidification of supercooled crystals of 
austenite ? 


‘Communication, U: S. Bureau of Standards. 
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Table IV 
Simultaneous Readings of Optical Pyrometers and Platinum Coup! 


Thermocouple 


Time of Immersion ‘Temperatures 
in Seconds Degrees Fahr. 
25 2640 
50 2697 
70 2692 
85 2708 
(1) (2) (3) (4) (5) 
Black Transition Steel in Melting Platinum 
Body Point Open Point Coupk 
Pyrometer Degrees Degrees Degrees Degrees Devores 
Observation M.A Fahr. Fahr. Fahr. Fahr Fahy 
Pouring Stream 436 2650 2735 2890 2740 
Freezing Ingot Top 438 2660 2750 2910 2760 







Since, however, the emissivity corrections are of more theoretic, 
than practical interest if any accurately duplicable calibration js 
adopted, all specific temperatures hereinafter reported will be pre 
sented in both “melting point” and U. S- Bureau of Standards cali 
brations for “molten steel in the open” for purposes of general con 
venience and comparison. (Table II1). 

Further observation of freezing ingot tops based on melting wir 
calibrations indicated that these particular temperatures, constant fo; 
given chemical specification, decreased progressively from 2755 de 
grees Fahr. (1512 degrees Cent.) in direct proportion to the carbon 
content of the metal and averaged 2655 degrees Fahr. (1457 degrees 
Cent.) for 0.80 per cent carbon simple steel. These data are pre 
Table V. 


sented in 








Table V 
Freezing Point Versus Carbon Content 








0.10 0.20 0.40 0.60 
Carbon Per Cent Per Cent Per Cent Per Cent Per Cent 
M.A, 438 437 433 429 426 
Black Body 2665° F. 2660° F. 2630° F. 2600° F 2580° I 
Transition 2750° F. 2745° F. 2710° F. 2680° F 2660° |} 
Steel in Open 2905° F. 2900° F. 2865° F. 2835° F 2815° I 
Melting Point 2755° F. 2750° F. 2715° F. 2680° F 2655° I 






The readings are facilitated by breaking the solidified surface of the 
ingots with a rod when frozen to a depth of perhaps half an inch and 
prying up a sufficient section of the crusted steel to permit sighting 
the pyrometer upon the underlying metal. Thus protected, it will 
remain liquid for at least four minutes. The simulation of black 
body conditions has no effect upon the temperature readings. A very 
constant increment of 100 degrees Fahr. has more recently been ac 
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‘rately observed’ between the molten and solid phases under these 
<ircumstances. It would seem reasonable that the “transition” cor- 
ection should correspond closely to this figure. 

Plotting the freezing points of Table V with carbon-temperature 
ordinates definitely indigates correspondence with the iron-carbon 
liquidus. Further observation of the freezing points of killed steels 
poured in sand molds with a high speed recording radiation pyrom- 
eter having a lag of less than one second for full scale deflection 
shows a secondary and longer freezing point at a lower temperature, 
probably the solidus. It is not impossible that the metal may be 
poured in between the two as previously suggested. In general, 
was learned that entirely comparable and dependable temperature 
observations might be obtained by regularly cleaning and checking 
the instruments, together with the strict ruling that no telescopes or 
control boxes be interchanged without recalibration, The care and 
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Fig. 3—Direct Reading Calibration Scale for Optical Pyrometers. 


routine verification of the instruments is of paramount importance 
for temperature control: no pyrometer is satisfactory without metic 
ulous attention to the details of operation and calibration. 

A practical method for converting the standard Leeds and 
Northrup optical pyrometer to a direct reading instrument is illus 
trated in Fig. 3. A large scale drawing is made of the milliammeter 
dial as shown with datum points and a scaled four-inch reference line 
to check the accuracy of subsequent photostating. ‘The desired tem- 
perature calibration is then inserted for high and low ranges with the 
melting temperature of 0.10 per cent carbon steel at 432 M.A. 
allow for the maximum half-range variation of lamps and ammeters 
on either side. The direct reading scale is cut to fit the dial and the 


‘Communication, Messrs. Zweier and Hoey. 
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ul mher 





instrument standardized on any known temperature, in the pen jj 
it be preferred, with correct zero adjustment of the needle. 
example, the pyrometer then reads 100 degrees too low, the t 
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scon 
is disconnected and the zero adjustment is moved ahead a a 
sponding number of degrees. Since deflectigns are approximately ypj- 
form over the range no great error is introduced by this procedure. 
Standard 1.3 V, 0.5 A, S.C. base Thermo Guard Lamps without pins 
as manufactured by the Graybar Electric Company, possessing par- 
allel electrical properties within the experimental error, may be con 
fidently employed with this system of calibration. 


PLANT METHODS 


Accurate temperature measurement with optical or radiation 
pyrometers under usual operating conditions involves careful instruc. 
tion of observers in the handling and care of instruments together 
with an intimate knowledge of their limitations. A consideration of 
special importance in developing temperature observation of molten 
steel appears at once: above the freezing point, temperatures consist- 
ent with operating practice seem best obtained by sighting the instru- 
ments to read the highest average temperature of the particular 
streams in general agreement with the findings of Adolph Fry’ 
recommending that use be made of the radiation of the brightest 
spots rather than the clear surfaces of the molten metal. 

[f, however, this method of observation is attempted for pour 
ing streams near the freezing point, there seems to be a decided tend- 
ency for reported teeming temperatures to approach those of the 
freezing points according to carbon content (2755 to 2655 degrees 
Fahr.) regardless of the amount of skull subsequently obtained in 
the ladle; in fact, with heavy skulls and sluggish streams it is difh- 
cult to obtain any reading other than the freezing point. It may be 
reasonable to suppose that the same phenomenon which obtains a 
constant temperature during the freezing of ingot tops is earlier 
induced in the colder, skulled heats and thus appears in the pouring 
streams. Nevertheless, when the observation of teeming tempera- 
tures is confined to the darker portions of the metal, ignoring the 
bright streaks as far as possible, the readings are generally lower 
than the freezing points, except for very hot heats, and are propor- 
tionately lower with increasing ladle skulls. 

The “skulling point” as opposed to the “freezing point” has been 
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ered as the lowest reported temperature at which uniformly 


const 
heated steel may be poured with skulls limited to 1 per cent by weight 
of the melt—one to three thousand pounds according to the charge. 
It is interesting to note the existence of a constant difference of 80 to 
es decrees Fahr. between these several temperatures for killed steel 
based upon these calibrations. (Table V1) 
Table VI 
Freezing Point Skulling Point 
Carbon Content (M.P.)* (T.F.) (M.P.) (S.O.) 
Per Cent Degrees Fahr. Degrees Faht 
0.05 to 0.15 55 2750 2680 2835 
0.35 to 0.45 15 2710 2635 2795 
0.75 to 0.85 55 2660 2575 2735 
‘These abbreviations will be used hereafter as follows for the various calibrations: 
“B.B.”—Black Body | 
Melting Point 
Transition Point 
Steel in Open. 


While pure iron will certainly not solidify above 2790 degrees 
Fahr. (1530 degrees Cent.) nor remain liquid below that tempera- 
ture under normal conditions, it is generally accepted that steel, as a 
solution of carbon, manganese and other metals with iron, possesses 
a progressive freezing range with the purer austenitic crystals sepa- 
rating out first. Although the difference in the observed temperatures 
of the so-called “freezing” and “‘skulling” points might be thus ac- 
counted for, the evidence may also be employed to support a theory 
of variable emissivity (or oxidation effect) for solid and liquid steels 
requiring a minimum positive correction of 80 to 100 degrees Fahr. 
on molten streams in the open-hearth temperature range. 

Regardless of the theoretical background, a satisfactory and sen- 
sible system of temperature control has been developed by these 
methods of calibration and observation as will be presently set forth. 
With trained personnel and properly standardized instruments, the 
actual control of pouring temperatures within + 20 degrees Fahr. 
and less than one per cent skull becomes comparatively simple as ap- 
plied to the open-hearth practices. Schedules of desirable maximum 
teeming temperatures for top poured steel, allowing 40 degrees Fahr. 
above the skulling point, may be obtained from Table VII. 

Specifically, the actual control consists in determining the av- 
erage temperature drop per minute in the steel ladles from the 
start of full, continuous stream at tapping to the beginning of the 
pour as referred to the teeming temperature at the third ingot for 















TRANSACTIONS OF 





[HE A. S.] 


Table Vil 


Pouring Temperature Schedule 
Killed Steel 






















































Maxim 
Freezing Point* Skulling Point Pouring Te: atur 
Carbon (M.P.) (S.O.) (M.P.) (S.O.) (M.P.) we 
Per Cent Degrees Fahr. Degrees Fahr. Degrees | : 
0.80 2655 2815 2575 2735 2615 Hea 
0.70 2670 2830 2590 2750 2630 ) 
0.60 2685 2840 2605 2765 264 8() ‘ 
0.50 2700 2850 2620 2780 2660 a> 
0.40 2715 2865 2635 2795 2675 x 
0.30 2725 2875 2650 2810 26090 84 
0.20 2740 2890 2665 2825 2705 2 
0.10 2755 2905 2680 2835 2720 
0.05 2765 2915 2690 2845 2730 
Rimmed Steel 
0.30 a la 4 2650 2810 2690 Ry 
0.20 coos cece 2665 2825 2705 
0.10 Sede eves 2700 2850 2740 89() 
0.05 2720 2870 2760 
Because of an increased tendency for skulling, rimmed steel below 0.20 per cent car! 
should be poured at slightly higher temperatures. 
"(Interpolated from 0.10 to 0.80 per cent carbon.) 
\ 
Hi 
heats of uniform bath temperatures. ‘The readings are obtained by 
blending the filaments of the optical pyrometers for the highest ave 
age observation on the tapping stream with the ladle about one-hali 
filled, and for the lowest average reading of the pouring stream. The 
time interval is measured to the opening of the stopper but the . 
teeming temperature is observed during pouring of the third ingot as l 
being more representative of the heat after the slightly chilled metal ’ 
at the bottom of the ladle has been eliminated. A normal temperature ' 
loss of 20 to 40 degrees Fahr. occurs from the third to last ingots for 
140-ton heats. 


Other things being equal, the heat loss seems to vary principall) 
with the time elapsed from start of tap to start of pour, excepting ot 
course, the occasional vicissitudes of furnace practice. At the plant 
under investigation, killed steel lost temperature over this interval 
up to twenty minutes at approximately 10 to 11 degrees Fahr. aver- 
age per minute; and up to thirty minutes, at approximately 6 to 
degrees Fahr,. average per minute. The greater portion of the actual 
temperature loss certainly occurs in the first five minutes: this 1s 
merely a satisfactory empirical method for regulating pouring tem- 
peratures. Average time-temperature-skull relationships are shown 
for a group of 150-ton heats in Tables VIII and IX. The “Temper- 
ature Range” column indicates the pouring temperatures at which the 
various heats were selected from the records, 
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Table Vill 


Temperature Losses for 0.10 Per Cent Carbon Rimmed Steel 
(Note: All elapsed time reported in minutes) 











Avg 


loss 














Pouring i 
remp Observed Temperature emp per 

Range Tap Pour ; Minutes Drop Min Ave 

Ni M.P M.P. S.O. M.P. 3.U. a Elapsed M.P M.P Skull 
Heat Degrees Fahr. Tap Hold Total Degrees Fah Lbs 
) oo 2940 3085 2700 2850 12 9 21 40 11.4 OO 
(0) 2955 3100 2720 2870 11 Q 20 35 11.8 1200 

40 2950 2995 2735 2885 10 y 1 215 11.4 1oou 

760 2960 3105 2755 2905 11 9 0 OS 10.3 600 

3 () 2960 $105 2775 2925 11 6 17 18S 10.9 Ou 

2965 3110 2810 2900 11 0 l4 155 11.1 Ouou 







Table IX 
Temperature Losses for 0.80 Per Cent Carbon Killed Steel 


















Ave. Loss 
emp. Observed Temperature Temp. per 
Range Tap Pout Minutes Drop Min Avg 
No. M.P M.P. S.0. M.P, S.O. Elapsed M.P. M.P Skull 
Heats Degrees Fahr Tap Hold Total Degrees Fahri Lbs 
10 S580 2780 2930 2575 2735 12 12 24 205 8.6 1500 
10) 600 800 2950 2600 2760 11 14 25 200 8.0 1200 
10) 620 2800 2950 2615 2775 ll 13 24 185 7.7 700 
| 640 2810 2960 2640 2800 12 12 24 170 aa SOU 











It may be noted in Tables VIII and IX that the skull weights 






appear to be a function of both tapping and pouring temperatures, 





lf similar heats of uniform but different bath temperatures are held 







to the same pouring temperature, the skull weights will correspond 






closely with each other and the holding period will, of course, in- 





crease progressively with the tapping temperatures. On the other 






hand, if the tapping and holding times are nearly identical (as occurs 





in most cases for Table VIII and IX) the pouring temperatures 






will increase proportionately with those at tapping. 
The heats of the last item of Table VIIIl were scheduled for 








bottom pouring, were poured without delay and consequently exhib- 






ited considerably higher teeming temperatures (2810 degrees Fahr. ) 






than several groups immediately above which were held for varying 






periods of time from similar tapping temperatures. ‘The uniformity 






of many of the holding periods in Table IX (9 minutes) and ‘Table 






VIII (12-14 minutes) resulted from an arbitrary and mistaken shop 






ruling that no low carbon heats be held longer than ten minutes and 





no high carbon heats, more than fifteen minutes. This order was 








subsequently rescinded with improved results when it was found 





impossible for the melters to regulate bath and pouring temperatures 
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within even these limits. This phase of the operation shvijjq 
entirely a responsibility of the Metallurgical Department if 












urate 

control is to be accomplished. 
Because of irregular furnace practices, heats in the two Jowe 
temperature groups of Tables X and XI were not held in the Jadjp 
While reported tapping and pouring temperatures are in genera! 


agreement with the weight of skull obtained, a definite increase jn th, 


average temperature loss per minute has been indicated. 





Table X 
Skull Weights Versus Pouring Temperatures—0.10 Per Cent Carbon Rimmed Stee! 















-_ Avg. Loss 
Cemperature Temp. per 
Av. Wt. Tap Pour Drop Mir 
No. Skulls M.P. S.O. M.P. S.O. Time M.P., M.P. 
Heats Lbs. Degrees Fahr. Tap Held Total Degrees Fah 
25 000 2965 3110 2765 2915 11 9 20 200 10.0 
25 1000 2950 3095 2725 2875 10 ll 21 225 10.6 
25 2000 2940 3085 2720 2870 11 9 20 220 11 
25 3000 2930 3075 2720 2870 12 0 15 210 14.0 
25 5/8000 2920 3065 2700 2850 12 0 15 200 { 


It might be expected that the observations of badly skulled heats 
should disclose lower tapping temperatures rather than increased tem- 
perature losses per unit of time, as would be the case if it were possi 
ble to obtain the exactly correct average tapping temperatures. This 
situation appears to be the result of nonuniform temperature gradi- 
ents from the top to the bottom of the bath. Because of small initial 










Table XI 
Skull Weights Versus Pouring Temperatures—0.80 Per Cent Carbon Killed Steel 
























Avg. Loss 

Temperature Temp. pet 

Av. Wt. Tap Pour Drop Mi 
No. Skulls M.P. S.O. M.P. S.O. Time M.P. M.P. 
Heats Lbs. Degrees Fahr. Tap Held Total Degrees Fah: 
10 000 2810 2960 2660 2820 10 15 25 150 6.0 
10 1000 2800 2950 2640 2800 12 12 24 160 6.7 
10 2000 2790 2940 2600 2760 12 13 25 190 7.6 
10 3000 2760 2910 2595 2755 16 0 21 165 7.9 
19 4000 2750 2900 2590 2750 15 0 18 160 8.9 


metal flow, fumes and ladle additions, it is not usually possible or 
practical to report continuous temperature observations from the start 
of tap until the slag appears. It has been found, however, that several 
confirmatory observations with the ladle one-third to one-half full 
furnish sufficiently representative temperatures to establish the de- 
sired and workable control. 
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\s tabulated on page 664. careful instruction of observers in 
the mutations of open-hearth practice indirectly responsible for irreg- 


alar bath temperature gradients is essential to successful temperature 


Licht 


control. After due reflection upon furnace practice and tapping 


remperature, the nicety of judgment exhibited by experienced observ- 
ers and melters in not delaying heats of questionable uniformity 1s 
evident. The constant heat losses for regularly used ladles, as well 
as the approach toward constant temperature with liberation of the 
heat of fusion at the skulling point may be expected to decrease the 
temperature drop per minute as the interval from tap to pour is 
‘ncreased. Thus, while the methods are by no means infallible, a 
thorough understanding of optical pyrometry as applied to steel 
making will permit the establishment of an open-hearth temperature 
control of surprising regularity and effectiveness. 


The experience with 140-ton heats reveals that excessive skulling 


Table XIl 
Minimum Tapping Temperature 
Carbon M.P. S.O. 
Per Cent Degrees Fahr. Degrees Fahr. 
0.80 2760 2910 


779 C 


0.70 2775 2925 
0.60 2790 2940 
0.50 2805 2955 
0.40 2820 2970 
0.30 2835 2985 
0.20 2850 3000 
0.10 2865 3010 


results from holding heats in the ladle tapped at or below the tem- 
peratures listed for the various grades of steel in Table XII. Such 
melts should be teemed at once without delay even before completely 
draining the furnace: clean pouring is more important in these in- 
stances than ultimate furnace yield. 

Given average heat losses and time studies for a particular shop, 


the procedure for holding steel to temperature in the ladle is shown 


in the following tabulation : 


Ordered Carbon 0.10 Per Cent 0.80 Per Cent 
Tapping Temperature (M.P.) ....... 2930 Degrees Fahr. 2830 Degrees Fahr. 
lime Tapping 12 Minutes 10 Minutes 
Estimated Average Loss per Minute. .11 Degrees Fahr. 8 Degrees Fahr. 
Scheduled Pouring Temperature 

(M.P.) 2700 Degrees Fahr. 2600 Degrees Fahr. 
Total Necessary Loss .........++++e: 230 Degrees 230 Degrees 
Total Time Required 22 Minutes 29 Minutes 
Time of Hold: End of Tap to Open- 

ing of Stopper 10 Minutes 19 Minutes 
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‘Temperature control being subject to certain importa: 


imita 

tions, its success consequently depends upon uniform furnace practic, 
and the skill of melters and observers. Attempts to contro! tapping 
— 


temperatures in the furnace for regulation of teeming temperature: 
are abortive and, because of unavoidable irregularities of the tip, 
cycle during tapping, can lead only to excessive skulls or extremeh 
hot pouring. The only safe method apparently lies in tapping the 
steel at temperatures uniformly high enough to allow for ysyal 
tapping or operating delays and holding the heats for a calculated 
interval in the ladle. Estimation of the required bath temperatur, 
for any grade of steel may be made as follows: 





IE GD a iw a cable bused res bean ae wah hee re eeeean 0.10 Per Cent 


FE OE. OOD | eG odes oy Gabe a bed vob enaeaenl 12 Minutes 
See Fee Ce EA EO i one Sheek i hdkionndans 6 Minutes 
Time Required to Move Ladle over Molds............... 3 Minutes 
Oy SI NED oi'o'b o.6 <hinld Skee 44.4 bax saewekesade 21 Minutes 
Average Temperature Loss per Minute .................. 11 Degrees 
Average Total Temperature Loss (11°x21”").............230 Degrees 
Scheduled Pouring Temperature (M.P.) ................ 2700 Degrees Fah 


Safe Minimum Tapping Temperature (M.P.) 





i ghen 2 ak eae 2930 Degrees Fahr 








Normally the pouring of every melt of steel may be delayed for 
temperature control without risk, but the holding of heats under any 
of the listed circumstances making for nonuniform bath temperatures 
is hazardous to both skulling and pouring practice : 

















1. With more than 60 to 65 per cent cold charge except for very caretul 
furnace practice. 

With basic iron below 0.85 per cent silicon. 

With too rapidly worked heats, or excessive stone charges. 

With heavy lime or bottom boils at or near tapping. 


With fuel shut off the furnace for more than five minutes immediatel) 
before tapping. 


wn & WwW hr 


6. After reactions in furnace or ladle at tapping. 
With long, slow tapping, or cold heats. 


a 


With cold ladle additions exceeding 0.75 per cent by weight of the 
heat. 

9. For heats of seriously delayed charging. 

10. For furnaces approaching the end of the campaigns. 


11. And finally it is dangerous to hold heats more than twenty minutes 
after the end of the tap, particularly with more than six inches of slag 
covering the steel. The subsequent cutting action of the slag too tre- 
quently results in burned off rods. 


12. It should also be noted that temperature losses per unit of time var) 
considerably from shop to shop and, while similar to those reported, 
are not necessarily identical or even nearly enough so as to permit 
exact duplication of practices. 
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While the difficulties involved in open-hearth temperature con- 
trol appear formidable, intelligent co-operation between blast furnace, 
open hearth and metallurgical departments can readily obtain 80 per 
cent of the heats tapped and poured within scheduled limits. The 
advantages of such practice may be found in a general trend toward: 
improved uniformity of bath temperatures, fewer badly skulled heats 
and increased ingot yields; less erosion of nozzles and better pouring 
practice ; increased mold life and elimination of “sticker” ingots; 
fewer ingot and corner cracks; improved rimming for open steel; 
and decreased pipe losses and segregation for killed steel. 


SUMMARY AND CONCLUSIONS 


Sufficiently accurate temperatures of molten steel may be 


obtained with optical pyrometers carefully standardized 
upon known, constant temperature points. 

While the actual temperatures reported are not important 
if they remain closely comparable, an approximate calibra- 
tion may be obtained by reference to the known melting 
points of pure metals as observed in the open. 

The accepted emissivity corrections for the apparent tem- 
peratures of molten steel might well be the subject of fur- 
ther investigation. 

The freezing points of killed steel ingots offer a convenient 
means for checking the standardization of optical pyrom- 
eters under service conditions. 

Observation of the highest average tapping temperature, 
during the stage when the ladle is approximately half full, 
and the lowest readable pouring temperature at the third 
ingot, permits the development of a generally consistent 
system for open-hearth temperature control. 

Safe minimum tapping and pouring temperatures may be 
established for each grade of steel according to particular 
shop practices. 

The control of pouring temperatures may be accomplished 
by holding heats in the ladle for a predetermined interval 
calculated from the initial temperature, length of tap, aver- 
age temperature loss and the scheduled teeming temperature. 
Certain limitations of temperature control imposed by vari- 
able furnace practices have been suggested. 
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A practicable schedule of freezing, skulling an 






temperatures has been presented based upon the 
system of calibration and observation. 


10. Possible operating advantages accruing to uniform temper 
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DISCUSSION 


Written Discussion: By M. J. Bradley, Leeds and Northrup Company 
Philadelphia. 
We are much interested in Mr. Cook’s paper on open-hearth control and 
ve wish to compliment him for his contribution in this important field. Ther 
undoubtedly is more divergency of opinion concerning the temperatures of ope: 
hearth baths, tapping and teeming than in any other phase of steel productio: 
Not only is there disagreement as to the actual temperatures involved, but 
also in the methods and means of measuring them. Let me mention, if you 
please, some methods now employed in different shops for measuring open 
hearth ‘bath temperatures. In some shops the melter estimates the tempera 
ture of the bath by the appearance of the end of a low carbon rod which has 
been melted off in the bath. This may or may not be supplemented by pou 
ing a small amount of metal from a sampling spoon and noting its solidifica 
tion. In another shop the same temperatures are measured by inducing a rod 
or ore boil which causes the metal to float up through the slag and the tem 
perature of the metal is measured by an observer with an optical pyromete: 
In some shops the flame is turned off during the measurement, in others it is 
left on. In other shops optical readings are made through an air protected 
pipe extending through the slag into the bath. In other shops various types 
of immersion couples are being tried out. Tapping temperatures are als 
measured in many different ways. ‘The optical method, as present, predom 
nates; however, here again considerable disagreement exists on what tem 
peratures to measure and where to measure them. In the majority of shops 
the measurements are made on the darker areas of the tapping stream; others 
measure the lighter patches, and some take the reading from below on th 
metal stream close to the end of the spout. 














The various methods and means employed to measure temperatures 10 
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he open-hearth process, combined with the uncertainties entailed in emissivity 
rections for various conditions and the possibilities of superheating or super 
ooling, explains in a great measure the discrepancies encountered in relating 
reported temperatures for similar heats in different shops. As Mr. Cook points 
ut, it is very desirable, especially from an operating standpoint, to be able to 
reproduce accurately a temperature relation for the same step in the process in 
-imilar heats. It is desirable also to be able to transmit temperature informa 
tion from one shop to another in such a way that it will have the same meaning 
to all parties concerned. ‘To do this it is important that the instruments be 
ecurately calibrated against a common standard; the reading must be taken 
iy the same way under the same conditions; and, if corrections to take care of 
non-black body conditions are applied the magnitude of these corrections should 
be definitely stated. It would be desirable also to be able to use the same 
calibration to measure temperatures of the steel during processing as well as 
‘ny the molten condition. 

It is recognized generally that any instrument which is subjected to the 
rough usage an optical pyrometer sometimes receives in an open-hearth shop 
must be checked from time to time against suitable standards and the neces 
sary adjustments or corrections made. The method most generally employed 
for doing this is is to have a checking instrument maintained in the laboratory 
as a secondary standard. Instruments used in plant routine are then checked 
periodically against the standard instrument using a flat filament lamp or a 
suitable small furnace as a source of temperature. The ammeters may be 
independently checked against a standard potentiometer. If such a procedure is 
adopted generally the calibrations of one laboratory should agree with the 
calibrations of other laboratories. An “arbitrarily designated standard, such as 
the apparent freezing of killed low carbon simple steel’ might possibly result 
in a handicap in shops which seldom make low carbon steel but specialize on 
high carbon and alloy heats. 

The method of making the temperature readings should not present serious 
difficulties. It would appear that a standardized method could be worked out 
which would be acceptable to the industry. 

The question of the corrections to be added to the apparent temperatures 
taken under definite sets of conditions, other than under “black body” presents 
a different problem. We are not satisfied that this problem can be eliminated 
satisfactorily by adopting an arbitrary standard in the open. We agree with 
the author that “the accepted emissivity corrections for the apparent tempera- 
tures of molten steel might well be the subject of further investigation.” 

Mr. Cook has introduced a subject which is exceedingly important in the 
open-hearth industry. We feel that it is sufficiently important that we take 
the liberty of suggesting to this Society that they consider appointing a com- 
mittee to study the methods and means of measuring temperatures in the steel 
industry, with the idea of developing standardized procedures and results. 

Written Discussion: By Gordon B. Wilkes, professor of heat engineer- 
ing, Massachusetts Institute of Technology, Cambridge, Mass. 


The author has certainly made a real advance in the practical technique of 
making a very difficult temperature measurement and this paper should lead 
to an improvement in open-hearth temperature control. 
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The calibration of an optical pyrometer by sighting on 14-in copper 
nickel, iron and platinum wires or strips in the open introduces, in m 
some uncertainty on account of the variation of the emissivity oj 
ferent surfaces between themselves as well as with the rate of hea: 
outside light effects. A very well known means of checking an optical 
eter against change of calibration is one using a variable lamp illu 


Iminating 
a ground glass and a standard pyrometer for comparison. This method 


Ng and 


Pyron 


{ 
shy uit 


be more accurate than observing melting points in the open and checks can }y 
made in a very few minutes. 

Until there is more information concerning the emissivity of thy sur 
faces involved in open-hearth temperature measurements, the true temperatur 
as measured with an optical pyrometer will be uncertain but the author’s jy 
vestigation has undoubtedly reduced this uncertainty considerably and ha: 
given some very useful pointers toward the more precise control of open 
hearth temperatures. 

Written Discussion: By H. P. Munger and J. W. Poynter, metal 
gical department, American Rolling Mill Co., Middletown, Ohio. 

The author is to be congratulated on his investigation of tapping and 
pouring temperatures, of which a knowledge is necessary to improve the qual 
ity of the steel. It seems unfortunate, however, that almost all theoretical co; 
siderations are disregarded in his calibration of the optical pyrometers. |; 
any calibration of optical pyrometers two points must be carefully considered 
namely, that the temperature of the radiating source is constant and known 
and that essentially black body conditions exist. When calibrating an optical 
pyrometer against the surface of a solidifying ingot none of these conditions 
are fulfilled. As pointed out by the author, a solidifying ingot “possesses a 
progressive freezing range with the purer austenitic crystals separating out 
first” and this causes the calibration point to be very uncertain, since a 0). 
per cent carbon steel has a rather wide solidifying range. Moreover, it is 
probable that the surface of the molten metal will become coated with oxide, 
which may be at a lower temperature, causing the results to be questionable 
Under the conditions of the calibration, black body conditions would not 
exist unless the pyrometer was sighted in the crevice at the interface of th 
molten metal and ingot mold. It is possible that temperature measurements 
using this method of calibration could be duplicated where a standard procedure 
is used at a single plant but it seems improbable that comparison of results 
between different plants using this method of calibration would be satisfactory) 

If the black body temperatures for the melting points of iron and nickel! 
in Table II are corrected for the emissivity of the solid oxide of the metals 
they agree more closely with the known melting points of these metals than 
when they are corrected for the emissivity of molten iron and steel in the 
open (See Table II “Emissivity Corrections”). The results would probably 
agree even better if care is used to shield the metal strips from stray light 
radiation. 

There are several convenient methods for the checking and the calibration 
of optical pyrometers. One of the most convenient of these methods is to 
sight the pyrometer on a calibrated tungsten strip lamp under black body 
conditions. With a known current flowing, the tungsten strip emits a con- 
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a+ intensity of radiation and forms an excellent and reproducible source 
‘or calibration work. If an optical pyrometer calibrated by the National Bureau 
‘ Standards is used only for calibrating and checking, the tungsten strip lamp 
mav be used as a transfer standard and need not be calibrated. With the cut 
rent constant, the temperature of the tungsten strip is read first by the cali 
brated pyrometer and then by the one being calibrated. 

If neither of these arrangements is considered satisfactory, a reproducible 
cource of radiation may be obtained by inserting a thermocouple through th« 
bottom of a crucible and placing it in the uniformly heated zone of an electric 
tube furnace. If tHe uniformly heated zone is rather long, substantially black 
hody conditions exist and it will be rather difficult, if not impossible, to see the 
tip of the thermocouple. Sighting the telescope into the tube furnishes a simplk 
means of periodically checking the constancy of the pyrometers. A duplicate 
check may be obtained by reading the temperature of the thermocouple tip using 
a telescope calibrated by the National Bureau of Standards and reserved for 
calibration and checking work only. This method may also be used for 
calibrating optical pyrometers, since the radiating source, at a given tempera 
ture as measured by the thermocouple, is always reproducible. 

After an optical pyrometer has been satisfactorily standardized, the results 
obtained with it in controlling the open-hearth teeming practice can be com 
pared with a high degree of certainty with the results obtained at other plants. 
If the true temperatures are desired, the usual “iron and steel in the open” 
correction can be applied, but for purposes of comparison of readings taken 
under the same conditions, no correction need be applied. It does seem very 
important in carrying on such work to have a method of calibration which 
is not subject to variations of the surrounding conditions, and which has a 
constant reproducible source of radiation. 

Written Discussion: By C. N. Treat, Republic Steel Corporation, South 
Chicago. 

The comparison of data in individual shops and particularly from different 
shops on tapping, teeming and skulling temperatures has always presented a 
problem because of various methods of calibrating or the lack thereof. 

Mr. Cook has suggested a method which appears very practical in its 
application and we believe that any recommendations along these lines should 
be welcomed and tried by all of us who realize the importance of temperature 
control in the production of quality steel. 

Mr. Cook mentions and undoubtedly emphasis should be placed on the 
absolute necessity of co-operation between the production men, superintendents, 
melters and foremen, with the technical men, metallurgists and observers 
"here must be a definite agreement as to the results desired, importance of 
these results and the methods to be used to obtain them. We feel that this is 
the first and most important step in control of any kind. 

In the plant methods of applying temperature control, although we agree 
with the author generally, there are a few points which we believe can be 
discussed profitably. 


The first is the reading of teeming temperatures. It has been our experi- 
ence that the reading of the coldest part of the stream leads to confusion and 
often erroneous results due to fumes and irregular streams and we obtain 
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more consistent and comparable results by reading the brightest 
stream. No attempt is made to predict the amount of skull from ; 
temperature as we believe that with few exceptions quality steel, 
forging grades, should be teemed well above the skulling point. 
The second point is in regard to the rate of temperature drop 
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1 degrees 
per minute. This is very interesting and we would like to ask Mr. - 
how much variation is found in heats of similar analyses and identica| tapping 
temperatures. It is quite possible, that, although the averages fall in line nicely 
the results obtained by strict adherence to this plan might cause some troy 


ble unless all conditions are met on the greater majority ‘of heats. 

The differences in shop practices can be shown by the fact that we agree 
quite well with the author on skulling points but generally are 10 to 15 4, 
grees lower. Also, we find only a 10 to 15-degree drop during the teeming 
of a heat with often a slight increase on the last few molds teemed, Th; 
however, indicates to us that after the first short period, approximately 1; 
minutes, the temperature drop is comparatively slow. 

In regard to the twelve conditions listed in the latter part of the article } 
is logical to assume that the amount of cold charge, the per cent of sto 
charged, and delay in charging, and analysis of the iron, are questions of {y; 
nace practice and slag control and should be entirely taken care of before th 
heat is ready to tap. 

If by “too rapidly worked heats” the author means addition of cold iron 
spiegel, or iron ore shortly before tapping there can be no question but, out 
side of this, the rapidity with which any heat can be worked depends upo: 
the sharpness of the furnace and the operator. 

The presence of furnace reactions or boils, ladle reactions and slow tap: 
are obviously danger signs in temperature control and usually predict poor 
quality as well. 

The danger of cold ladle additions should be qualified to except. thos 
which are strongly exothermic in reaction. 

The likelihood of non-uniform temperatures being found in heats tapped 
during the end of a furnace campaign depends on the shop practice, furnac: 
sharpness, etc., but the author should perhaps include in his list the fact that 
the first few heats tapped after a shutdown are almost invariably nonuniforn 
heats. 

These exceptions may seem trivial but if temperature control is to be 
effective it must be extended to cover as many heats as possible and in order 
to do this a thorough understanding of the various questions must be had. 

Written Discussion: By Robert B. Sosman, Research Laboratory, United 
States Steel Corp., Kearny, N. J. 

I believe it was Dr. Whitney who remarked, many years ago, that it 1s 
the instinct of the scientist to look at all sides of a question and see all the 
difficulties, all the reasons why a proposal will not work, while the practical 












inventor or the inventive technical man concentrates on the reasons why 1 
ought to work and ignores all the difficulties that he is not absolutely forced 
to recognize. Knowing that every radiating surface has its characteristic em\s- 
sivity, and that its brightness, and hence its apparent temperature, depend on 
that emissivity, a physicist can hardly be expected to endorse a method o! 
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r calibration which completely ignores the existence of such a prop 


i¢ 
¢e ac emissivity. He assumes offhand that it cannot possibly work. In refu 
erty a ) 


this paper contains the evidence that Mr. Cook has successfully con 


tation, 


trolled the pouring temperature of steel without concerning himself overmuch 


with that troublesome property. 

Perhaps the meaning of the new data contained in the paper will be clari 
fed if | am permitted to assume the role of the high-brow physicist and to re 
state some of the data. 

Table ILA, below, contains the data of the author’s Table II, interpreted 
as determinations of the emissivity of certain metals melted in wire or strip 
form by an electric current in the open air. This is a perfectly straightforward 
calculation from a set of physical measurements, involving no empirical cali 
brations and no assumptions except that we possess independent knowledge of 


the melting temperatures. 


Table IIA 


Cook’s 
Brightness Known Deduced 
Metal temperature melting-point emissivity 
Platinum 3060°F 3224 0.61 


Iron (( 0.10%) 2660 2760 0.68 


(Mn 0.15%) 
Nickel 2580 2651 0.74 
Copper 1980 1981 1.00 


In every case the emissivities are considerably higher than those generally 
accepted as characteristic of the solid and liquid metals. For copper, nickel, 
and iron the reason obviously is that we are not observing the clean metal, but 
a mixture of metal and oxide, or an oxygen-saturated metal, or even a pure 
liquid oxide. Which of these it is might be determined by making correspond- 
ing observations in a vacuum or in a reducing gas. Why the emissivity for 
platinum should be high is not clear; the generally accepted is less than 0.4 
for both solid and liquid. But whatever the surfaces are whose emissivity is 
being measured, the group of four makes a series in which the emissivity pro- 
gressively decreases with rising temperature and the relation is not far from a 
straight line. That is probably the reason for the straightness of the author’s 
calibration curve, which permits the system to be successfully used. 

As a practical result, the author has shown pretty clearly that by com 
pletely disregarding emissivities and not worrying about them, he can repro 
duce a method and a set of figures that will control the pouring of the usual 
varieties of carbon steels. Unless we want true temperatures with which to 
make comparisons from one plant to another, or with which to study the chem- 
istry of the process, nothing else need be asked for. 

On page 653 the author refers to the apparent straightness of the emissivity 
correction as a function of the brightness temperature (“black body tempera- 
ture”). It is not, of course, quite a straight line, but has the curvature repre- 
sented by the formula: 
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in which 7 absolute temperature in “K Centigrade temperatu: 273 

I» absolute brightness temperature degrees Cent. as read by 4 
optical pyrometer + 273.1 

d wave length of monochromatic light used in optical pyromete; P 


0.653 x 10° em 





Cs Planck’s second constant of radiation 1.432 cm 












degrees Cen 
In & natural logarithm of emissivity of surface 
lig. 1 shows the correction to the brightness temperature in its relation ; 
true temperature, for a surface of emissivity 0.40, which is the valu 
mended by the Bureau of Standards for clean steel in the open. It j 


recon 
evident! 
a curve which does not depart greatly from a straight line. The fact that | 
departure is small, | think, accounts for the fact that the author obtains hy | 
second series of calibrations a straight line. 





Incidentally, the upper curve in Fig. 1 is of some interest, as a « 
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Fig. 1-——Correction to the Brightness Temperature in [ts Relation to True Temperature 





short-cut for correcting for an emissivity of 0.40. I call it the “eight-seven 
rule.” Multiply the brightness temperature in degrees Fahr. by eight, take oft 
1000, and divide by seven, and the result between 2300 and 2700 degrees Fah 
is within a very few degrees of the true temperature as corrected for emissivity 
0.40, without the inconvenience of carrying a set of tables in your pocket. Th 
derivation of the rule is obvious from Fig. 1, in that a tangent to the lower 
curve in the vicinity of 2500 degrees Fahr. crosses the axis of zero correction 
at 1000 and has a slope of \%. 
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he subject of the cause and rate of the cooling of steel in the ladle has 


wavs interested us. Fig. 2 shows the loss of heat in a ladle as calculated for 


oni ns of steel tapped at 1600 degrees Cent. at 1134 tons per minute, into a 
bach with a 7% inch fireclay brick lining, and poured between fifteen and forty 

wites after the beginning of the tap. The end of the tap and the beginning 
of pouring are indicated by the markers on the base-line of the figure 

fhe drop in the temperature due to radiation from the stream while the 
reel is running out is a constant. After the steel gets into the ladle it con 
Hinues to radiate from the stirred surface until enough slag has gathered to 
cover the surface and practically insulate it. The uncertain and variable part 
‘ the heat loss is not the radiation loss, but the diffusion of heat into the re 
fractories. That is where most of the heat goes, even when the ladle is mildly 
preheated. At the beginning, when the first few drops strike, they are practical 
ly chilled. Then comes the rapid rise in temperature as the ladle fills, and at 
about the end of the tap the steel is at its maximum out-of-furnace tempera 
ture. Then follows the effect of the continued diffusion of heat into the re 
‘ractories and the steady drop, theoretically increasing in rate as the amount of 
teel that can supply heat to walls and bottom is diminished. 

[he loss from the top of the slag by convection of air is almost nothing. 
lhe loss from the outside of the ladle is not measurable. 


It is evident from Fig. 2 that it is incorrect to assume a constant rate of 
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Nig. 2—Caleulated Maximum Drop in Temperature for 100 Tons of Steel Tapped at 


1600 Degrees Cent. at 11.75 Tons per Minute into Ladle with 7.5 Inch Firebrick Lining; 
Poured Between 15 and 40 Minutes from Beginning of Tap. 


lall from the tapping temperature, whether the time be taken from the begin 
ning or end of the tap. The rate is, however, approximately constant after the 
maximum has been passed. If an initial drop be assumed, effective at any 
definite time such as the beginning or the end of the tap, the cooling rate can 
then be safely taken as constant. In the case described in Fig. 2, this initial 
drop, assumed at beginning of tap, is about 30 degrees Cent. (55 degrees Fahr.). 
It tends to be automatically provided in the record when a method of reading 
such as the author’s is used, which incompletely corrects for the low emissivity 


of the liquid metal when the temperature is measured on the tapping stream. 
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Another important consideration is the character of surface on 
tical readings are made. The corre¢tion for an emissivity of 0.40 ap 
to the smooth, clean liquid surface, appearing dark by contrast with th: 
portions, which are produced by channels in the surface or by oxidi . 







The difference between these two kinds of surface cannot be accu 
fined, but our experience indicates that it is of the order of 30 deer 
The author’s temperatures on the tapping stream were from the “high: 
age observation” (p. 660), and hence were evidently on the brighter suri 
his corrections for emissivity, as represented by the columns headed “S 0 


are therefore too high. On the pouring stream, however, where th 







average reading’ was taken, the corrections applied are justifiable. It {ol} 
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that the true drop in temperature between tapping and pouring is not as o 
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Fig. 3—Distribution of Temperature in the 
7.5 Inch Firebrick Lining of a Ladle Containing 
Steel at an Intitial Temperature of 1585 De- 
grees Cent. 












as shown in the author’s tables, being nearer 175 degrees Fahr. than the 200 
220 degrees Fahr. shown. The former figure is still appreciably larger than 
the estimate represented in Fig. 2, though the agreement is not bad when th 
numerous variables are considered. 







Fig. 3 gives the set of curves upon which the estimates of heat absorption 
in Fig. 2 are based. It shows the change of temperature in the fireclay brick 
lining when a ladle 100 inches inside diameter and 113 inches deep is assumed 
to be level full of steel at an initial temperature of 1585 degrees Cent. The 
calculations are not exact, but are sufficient to show the form and interrelation 
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temperature curves. The method using Gauss’ probability integral was 
ved. and the basic data are: initial temperature 60 degrees Cent.; heat cap 
(225: thermal conductivity 3.75 milli-calorie per sq. cm per sec. pet 


e Cent. per cm; bulk density 2.0 gram per cc. 


Up to ten or twenty minutes after tapping the temperature rise at the out 


of seven and one-half inches of fireclay brick is hardly detectable. Hence 


the insulation of a seven and one-half inch lining would have no appreciable 


t on the heat loss unless the ladle were strongly preheated. 


erect 


Oral Discussion 


De. C. H. Herty, Jr.:' The method used at the Carnegie Steel Co. is 


notable. The temperature of the bath is obtained before deoxidation by in 
a rod in the furnace and causing a boil on the rod so that the metal 
shows over the slag, and an optical pyrometer is sighted on this boil, the gas 
henge shut off on the furnace. This was checked a number of times and it 
was reported that the temperatures taken in the furnace indicated that you 
ould obtain as reliable temperature in the furnace as you could at the spout if 
vou took this boil test properly. It is reported that it took two or three months 
train observers so that their measurements could be considered really a 
curate. The observation of a temperature before deoxidation is extremely im 
portant in judging how much deoxidizer is to be added to the bath. 
W. J. REAGAN: I would like to compliment Mr. Cook on his very fine 


type of work is certainly needed. However, I believe that Mr. Cook has 


I 


iob on the calibration and use of optical pyrometers. An investigation of this 


painted too pretty a picture of the value of the optical pyrometer. In out 
work we have not found the optical pyrometer values as reliable as he has 
indicated, particularly on readings of the molten metal as it is being tapped from 
the furnace. Gases and smoke obscuring the vision of the observer make these 
readings very unreliable. Another thing that should be very carefully pointed 
ut is that the figures presented are only of value in the plant in which they 
have been obtained. We cannot compare values obtained in our plant on 
high carbon steel, with figures obtained in some other plant, with the same 
type of instrument and on the same kind of steel. There seems to be no com- 
parison at all, just what causes the readings to be so unreliable is hard to 
hgure out, 

In taking optical pyrometer readings we have found that one of the most 
important things to be considered is that the operation should be standardized. 
By this I mean that the readings should be taken at the same time in each 
heat, and at the same point in the stream of metal, and by as few observers as 
possible. We have had similar experiences as Mr. Cook in taking readings at 
different points in the stream and we like to take them at the hottest point. 
(hese points usually appear at some place where the stream becomes straggly. 
When a stream is smooth and not broken up we do not get as high readings. 
Just why we obtain higher readings when the stream is not smooth is not at 
all clear, however, the readings obtained on the straggly stream seem to indi- 


Research Engineer, Bethlehem Steel Co., Bethlehem, Pa 
Edgewater Steel Co.., Pittsburgh. 
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cate more correct temperature values than readings obtained on th 
stream. 


Dr. Herty mentioned a method of taking temperature readi; th, 


originated at Homestead. A cold rod is inserted through the wicket h 









( into 
the bath of metal, the resulting boil causing enough metal to be uncovered 
to allow a temperature reading to be taken with an optical pyrometer. takes 
a skilled observer to obtain readings by this method but readings seem yer, 


reliable. 





While actual values (correct temperatures) are always of interest. th, 
practical open-hearth man is principally interested in obtaining comparatiy, 
values, that is relative values that may be consistently obtained. 7 
ficulty with the optical pyrometer is that such values cannot be obtained 
Variation in calibration and obscuring of the vision of the observer by smok: 
and fumes that often are so slight as to go unobserved but still making eo, 
siderable variation in the temperature readings obtained, are the usual dij 
ficulties. 






ne dif 














We have tried to obtain the freezing points of steel by sighting on 
top of an ingot as it solidifies, but such readings are not satisfactory. I be- 
lieve that Mr. Munger also pointed out the difficulty of obtaining readings jy 
this manner. 

As correct temperature readings are a very vital problem to the open 
hearth operator, this paper gives us great stimulation to continue our efforts 
to obtain correct temperature readings in the open-hearth practice. 







C. E. Stms:* Mr. Cook gives an imposing array of figures which shoul: 
be of undoubted value to a person making the grade of steel mentioned. | 
do not wish to discuss the figures given, but I do want to mention some pre 
cautions found necessary, based on a good deal of experience taking tempera 
tures of casting steel. In the first place, there seems to be a considerable dit 
ference of opinion as to just how the temperature should be taken with an 
optical pyrometer. The bright and dark streaks in the streams of steel cause 
the greatest confusion. The writer settled this matter to his own satisfaction 
several years ago while making a large number of observations. These bright 
streaks in the streams will vary a great deal in their apparent temperature, 
variations of over 100 degrees being very common. The readings taken on the 
darkest portion of the stream are more consistent. 











Two men using different 
instruments and taking simultaneous readings can easily agree within a 10 
degree range. 







That has been done repeatedly in our shop. My explanation 
for this is that the darkest portion of the stream gives the only correct read 
ing. The darkest portion will always be found to be a smooth, convex surfac 
The bright streaks are concave surfaces where we have not only emitted 
light, but also reflected light. Small side streams also give reflected light. 
With a very smooth stream coming from the nozzle, correct readings will 
result, but with a ragged stream, bright streaks are present which always give 
high readings. 








Mr. Cook also discussed the rate of temperature drop. Taking tempera- 
tures at the spout we have found to be very unsatisfactory on the whole. Usually 











8American Steel Foundries, Research Laboratory, Indiana Harbor, East Chicago, 
Indiana. 
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193¢ 


ream is too ragged and it is too difficult to get a clear sight on a smooth 
of the stream to obtain an accurate reading. The best that can be 


the st 
portion 
‘s to take an average result from several readings, and consider it a bit 


higher than the true temperature. Making this allowance, we have found that 
the temperature drop from the spout during tapping to the earliest reading 
that may be obtained in the steel teemed from the nozzle will differ from 150 
to 200 degrees. Practically all readings that we have taken have been in this 
range of difference. I attribute this rapid drop to the heat absorbed by the 
ladle lining itself. There is some loss due to the passage of steel through 
the air and to ladle additions of cold alloy, but I think the drop is principally 
due to the heat absorbed by the ladle itself. From the time of the first open 
ing of the nozzle, to the last opening of the nozzle, there is an unimportant 
drop in temperature. In pouring castings we have noted occasionally that in 
pouring many small castings there will be a progressive drop for a while, and 


done 


then when a large casting is poured and a prolonged heavy stream of metal 
‘< emitted, the temperature will rise again. Apparently, in short pours most 
of the metal comes from the bottom of the ladle or close to the walls. This 
metal is cooler. When a rapid stream of metal is poured, it comes down from 
the center where it is hotter. 

Ek. B. Bunte:* Some time ago I had the opportunity of looking over some 
heat records of five different steel companies, and noted the variation of tap 
ping and pouring temperatures. There seemed to be five different standards 
with which the optical pyrometers had been calibrated. Each steel company 
seemed to have a different calibration (standard) from the others. 

| think this body should take up the offer given to us by Leeds and 
Northrup for experimental work on the basis of making a standard method for 
the calibration of steel temperatures. The Bethlehem Steel Co. will be pet 
fectly willing to go along with any experimental work in the hope of having 
a uniform calibration on temperature throughout the industry. We are per 
fectly willing to do any experimental work in our plants, or in any one else's 
plant. We are in hopes of having a standard calibration for the steel industry 


Author’s Reply 


These various discussions of the suggested method of open-hearth tem- 
perature control have been most interesting and instructive. We would like 
to leave one particular impression with you, however. The system of open 
hearth temperature control described is a method, but certainly not the only 
method as has been brought out in the discussion. The question raised by 
Mr. Munger as to the duplication of the calibration can best be answered by 
saying that the calibrations of the instruments have been sufficiently stand 
ardized on the freezing points at various carbon contents from 0.05 to 0.85 
per cent. In five shops with twelve, five, seven, eighteen and twenty fur- 
naces respectively, the calibrations set up in the several plants can be checked 
within plus or minus 20 degrees with instruments that are transported from 
one to another. However, that is only one method for doing the job: so long 
as the methods are standardized under specific conditions of calibration and 


‘Bethlehem Steel Co., Bethlehem, Pa. 
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observation, nothing else is necessary. The lack of standardization . 
ments has been the greatest factor in preventing open-hearth temperat 
trol. This is because instruments with deflection type ammeters 
and do not stay on calibration for great periods of time, especially if 
used frequently. They may often go off calibration between heats 
that reason we prefer using a method which the observer can check 
on the job to one which requires instruments to be sent to the laborat 
calibration. While we realize that the calibration of the instruments is im) 


rtant. 
we are a little bit sorry that more of the discussion did not refer to actyal 
open-hearth practice. Any calibration is workable although we think it would 
be highly desirable if, by conference and interchange of results, a general}, 


acceptable method of calibration and observation could be standardized for th: 
various temperature control problems throughout the country. We would 
like to thank Mr. Treat for his discussion of plant practices with which yw 
are in general agreement. In one item suggested by Mr. Treat, we think jr 
important to correlate pouring temperatures with skull. If the skull can }y 
limited to a satisfactory minimum we feel that better results may be obtained 
for quality. 

We agree with Mr. Sims in preferring observation at the darkest por- 
tion of the stream. This has been emphasized more on the pouring streams 
because there we seem to get less dependable results. It has been said that our 
tapping observations were made of the highest average temperature near the 
end of the spout. At that portion of the stream it will be agreed that the 
general appearance is dark rather than white: the bright region appears as 
the furnace stream becomes more ragged farther away from the spout. 

Reports of the temperatures of molten steel have invariably been criticized 
for not explaining clearly the methods of calibration and observation employed. 
The paper has attempted to avoid this mistake by showing four parallel methods 
of calibration in Figs. 1 and 2 and in Table III. Careful reading will bring 
this out without confusion. 

In the section devoted to plant methods only two calibrations are presented 
for each series of readings; that recommended by the Bureau of Standards and 
that employed in this investigation. This was intended to make the observa- 
tions directly comparable with those of plants using the Bureau corrections. 
It would probably simplify the entire proceeding if temperature readings were 
reported in milliamperes as is understood to be the practice at one mill! 

None of the methods of calibration is satisfactory: the empirical data be- 
hind them is a fertile field for investigation. The open-hearth superintendent 
is less concerned with precise temperature readings than with comparable ob- 
servation and control. This is available within the limitations of men and 
instruments. We have attempted to criticize the latter constructively. 
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PREFERRED ORIENTATION AND ROLLING CHARAC- 
TERISTICS OF LOW CARBON STRIP STEELS 


By Cart B. Post 
Abstract 


The preferred orientations existing in cold-rolled strip 
steel has been investigated by means of X-ray analysis. 
It is found that the “mean” orientation is specified by a 
[710] direction of the unit cell along the direction of roll 
ing with a cube face tending to become parallel to the plane 
of rolling at high per cent reductions. 

~The diameter of the working-roll is shown to influ- 
ence the angular deviation of the |110| direction from 
the rolling axis, that is, the smaller the working roll diam- 
eter the greater is the divergence of |110| from the roll- 
ing direction. No effect could be noticed on the depend- 
ence of the deviation of the cube face from the plane of 
rolling with roll size. 

These results are discussed in the light of previous 
researches and are found to conform to the general pic 
ture of flow lines in metals. 


HE properties of rolled strip steel depend so markedly on the 

orientations of the metallic crystals that a study of the most 
probable orientations (“‘preferred orientations”) under different con- 
ditions of rolling becomes of the highest importance. It is the pur- 
pose of this article to show the effect of the working roll diameter 
on the preferred orientation of crystals in cold-rolled strip steels. It 
will be shown that the diameter of the working rolls is much more 
important than the method used for applying power. In other words, 
it seems that there would be no outstanding difference between the 
preferred orientations produced by a Steckel type mill over that pro- 
duced by an ordinary tandem mill if the roll diameters could be made 


the same. 
EXPERIMENTAL AND X-RAY TECHNIQUE 


Samples were taken from tandem mill coils by stopping a tandem 


The author, Carl B. Post, Department of Physics, School of Chemistry 
and Physics, The Pennsylvania State College; formerly Assistant to the 
Metallurgist, Weirton Steel Corporation. Manuscript received February 12, 
1936. 
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mill in operation and obtaining strips from the coil between the yar; 
ous stands. The tandem mill was of the conventional type of 4 
stands of 4-high mills. Two sets of working rolls were used on the 
tandem mill, one of 19% inch diameter, the other of 12 inch diam. 
eter. The Steckel mill used rolls 5% inches in diameter. Samples 
were taken near the end of the coil where it enters the reelers, thys 
enabling samples to be cut of varying thicknesses. All the samples 
are listed in Table 1. Figs. 1, 8, and 12, show that the original un- 






Table I 
Listing of Samples for this Investigation 












Sample Roll Diameter and Type 
Number of Mill Per Cent Reduction 
1-1 Fig. 1 1914” Rolls, Tandem Mill 0% Hot Roll Coil, .072” thin 
1-2 Fig. 2 same 42% 
1-3 Fig. 3 same 64.6% 
1-4 Fig. 4 same 81% 
1-5 Fig. 5 same 88% 
1-5 Fig. 6 same X-ray beam “along” RD 
1-5 Fig. 7 same X-ray beam normal to sheet 



















1 Fig. 8 12” Rolls, Tandem Mill 0% Hot Roll Coil, .078” 
3 Fig. 9 same 52% 
4 Fig. 10 same 75% 

5 Fig. 11 same 85% 















1 k l 54%” Rolls, Steckel Mill 0% 
4. Fig. 13 same 62% 
4 Fig. 14 same 80% 
4-4 Fig. 15 same 86% 
)-1 Fig. 16 same 93% Final pass from a coil 


.082” thick reduced to 
.006” 
















rolled metal was substantially free from preferred orientation. Figs. 
2-7, 8-11, and 12-17 are diffraction patterns of sample taken after 
rolling. 

The X-ray technique was concerned with the following ques- 
tions; (1) Evidence of the existence of preferred orientation and its 
nature; (2) A comparison of the degree of preferred orientation for 
different working-roll diameters ; (3) Evidence of difference between 
the preferred orientation produced by the tandem and Steckel Mills. 

Inasmuch as the samples as they came from the rolls were too 
thick to permit the obtaining of fiber diagrams by the conventional 
method in which the X-ray beam passes through the sample, diffrac- 
tion patterns of such samples' were obtained by the “reflection” 
method and analyzed by the method of Post (1)*. In the reflection 






‘It is a pleasure to express appreciation to Dr. Victor Hicks of the University of 
Pittsburgh for his cooperation in taking the diffraction patterns, reproduced here as Figs. 
| through 16, while the writer was with the Weirton Steel Corp. 


2The figures appearing in parentheses pertain to the references appended to this paper. 
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LOW CARBON STRIP STEELS 


1—Diffraction Pattern of Sample (1-1) Tandem Mill. 


X-ray Beam “Across” R. 


Fig. 


duction. 


2—Diffraction Pattern of Sample (1-2) Tandem Mii! 
X-ray Beam ‘Across’ R.D 
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Fig. 3—-Diffraction Pattern of Sample (1-3) Tandem Mill. 64.6 Per Cent Reduc 
tion. X-ray Beam ‘‘Across” R.D. 

Fig. 4—Diffraction Pattern of Sample (1-4) Tandem Mill. 81.0 Per Cent Reduc 
tion. X-ray Beam “Across” R.D. 
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method the plane of the sample is inclined at a small angle to the 


X-ray beam, and the diffracted rays are recorded on a photographic 


film placed, in these experiments, 5 centimeters from the center of the 


specimen on the opposite side of the specimen from the incident beam. 


The angle of inclination of the plane of the specimen to the X-ray 
beam varied between 6 and 8 degrees. This variation was necessary 
to avoid as much cold work as possible in straightening the samples. 
The 2-degree error thus introduced is well within the ordinary error 
of the interpretation of the X-ray data. Unfiltered molybdenum ra 
diation was passed through a set of pinhole apertures which limited 
the angular beam divergence to about 3 degrees. With X-ray tube 
operating at 60 KV and 35 MA, exposure time was 90 minutes. 

The diffraction patterns were chiefly made with the beam im 
pinging on the sample “across” the direction of rolling, but several 
were made with the beam “along” the rolling direction, these latter 
being used to check the orientation about the axis of rolling. Diffrac- 
tion patterns were also made with the X-ray beam strictly parallel 
to (a) the normal to the sheet (N.D.), and (b) the transverse direc- 
tion (T.D.). The sample used in preparing diffraction patterns of 
type (a) (see Fig. 7) was etched to a thickness of 0.1 millimeter in 
nitric acid diluted with alcohol. The samples were fastened with 
beeswax to surfaces perpendicular or parallel to the X-ray beam. 


DIFFRACTION PATTERNS AND TYPE OF PREFERRED ORIENTATION 


The method of transposing the spots from the film to a stereo- 
graphic projection net is given elsewhere and will not be repeated 
here (2), (3). The diffraction patterns for the three different roll 
diameters are shown in Figs. | through 16. Figs 1 to 7 show the 
patterns belonging to the 19% inch; Figs. 8 to 11 those belonging 
to the 12-inch working-roll diameter tandem mill; Figs. 12 to 16 
show the diffraction patterns of the 5%4-inch Steckel mill. In all of 
these patterns the preferred orientation contains a [110] direction 
along the direction of rolling with the additional limitation, at high 
reductions, of a cube face tending to become parallel to the plane of 
rolling. This is consistent with well known data already in the litera- 
ture. The interest in the present work lies, therefore, not in the type 
of orientation, but in the degree of orientation. The following an- 
alysis of one series of patterns (the pattern belonging to a 19%4-inch 
roll diameter, series 1-1, 1-2, etc.) will illustrate how to obtain quan- 
titative values of the parameters specifying the orientation. 
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Beam “Across” R. = 
Fig. 6—Diffraction Pattern of Sample (1-5) Tandem Mill. 88.0 Per Cent Reduc 
tion, X-ray Beam “Along” R.D. 


Fi Diffraction Pattern of Sample (1-5) Tandem Mill. 88.0 Per Cent Reduc- 
tion, ra ray D. 
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Fig. 7—Diffraction Pattern of Sample (1-5) Tandem Mill. 88.0 Per Cent Reduc 
tion. X-ray Beam Parallel to Sheet Normal. 

Figs. 5 and 7 show the diffraction patterns made from sample 
1-5 which had 88 per cent reduction in the tandem mill. Figs. 5 and 
6 were made with the X-ray beams respectively “across” and ‘‘along”’ 
the rolling direction. Fig. 7 was made with the X-ray beam normal 
to surface of the sheet, i.e., perpendicular to both rolling and trans- 
verse direction. Fig. 1h (not shown here)* was made with X-ray beam 
perpendicular to both the normal and the rolling directions, 1.e., paral- 
lel to the transverse direction. The arcs of the {310} rings from 
Figs. 1, 6 and 7 are reproduced to scale in Figs. 18b, 18c and 18d. 
The stereographic projection of the planes which give rise to these 


arcs is shown in Fig. 18a. Similar statements apply to Figs. 


19,20 and 21. These stereographic projections show that the crystals 


are oriented about a mean position which may be described by saying 
that the [110] direction of the elementary cube lies along the direc 
tion of rolling, and that a cube face lies parallel to the plane of roll- 
ing. ‘The lengths of the arrows indicate the angular deviation of 
these normals when rotated about [110] as an axis and when rotated 

‘Fig. 1h, made with the beam perpendicular to both the normal and rolling directions 


represented only a rotation of 6 degrees from the figures labeled “‘across.”’ As the spots 
were of the same position and intensity as Fig. 5, no advantage is lost by this omission 
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Fig. 8—Diffraction Pattern of Sample (2-1) Tandem Mill. 0.0 Per Cent Reduc 
tion. X-ray Beam ‘‘Across’’ R.D. 

Fig. 9—Diffraction Pattern of Sample (2-3) Tandem Mill. 52.0 Per Cent Reduc 
tion. X-ray Beam “Across” R.D. 
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75.0 Per Cent Reduc 


Fig. 10-—Diffraction Pattern of Sample (2-4) Tandem Mill. 
X-ray Beam “Across” R.D. 

Fig. 11—Diffraction Pattern of Sample (2-5) Tandem Mill. 85.0 Per Cent Reduce 
X-ray Beam ‘‘Across” R.D. 
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about a perpendicular to this direction. The latter deviatio: 
cates the angular spread of the [110] direction from the ; lling 
direction. The lack of complete pole-figure data is justified by the 
fact that the purpose of the present work can be attained with the 
data presented here. 

The angular deviation of a [001] direction from the sheet nor- 
mal may be determined as follows: The {310} family of planes 
offers a good reference group to check any rotation of the cul, 
about the rolling direction. On the patterns obtained with the X-ray 
beam impinging across the direction of rolling and making 6 degrees 
of angle with the transverse direction, two spots (on one-half of the 
ring, or one quadrant) first make their appearance on the pattern 
1-2 (Fig. 2), corresponding to a 42 per cent reduction. The ring 
keeps its unbroken appearance between spots in the case of the 65 
per cent reduced sample (Fig. 3), but is clearly cut into definite 
segments (arcs), on the 81 per cent pattern (Fig. 4). As shown 
(Fig. 8), by the projection of the normals to the {310} planes and 
their paths belonging to a complete rotation of the cube about the 
{110] direction when this axis lies along the direction of rolling, a 
complete rotation of the cube should give rise to 4 spots per quad- 
rant of the (310) type. These would appear at 75, 60, 45, and 
30 degrees. The absence of the 60-degree spot on the (310) ring 
of Fig. 5 shows that the angle of lateral rocking must be equal to, 
or less than + 60 degrees. This angle is sufficient to prevent the 
[130] direction (Fig. 18a) from attaining the proper angle for dif- 
fraction in the case of the “across” pattern (Fig. 18b). With this 
information we may take + 60 degrees as the angle of lateral rock- 
ing and draw the arrows belonging to the normals in the {110}, 
{100}, and {211} families. These are shown in Figs. 19, 20 and 21. 
The disappearance of spots on the various rings, due to this limited 
rotation, is clearly brought out by the accompanying schematic draw- 
ings of the patterns, viz. Figs. 18b, 18c and 18d, etc. 

As shown by these patterns, it is highly probable that a com- 
plete “fiber” diagram for commercially rolled strip is rarely attained. 
It would follow from the patterns of Figs. 1 through 16, that the 
cube is rotated about the [110] direction as an axis, but not in 
the sense of complete random rotation. In view of the mechanism 
of rolling, which we know to exert only very small forces in a 
transverse direction with reference to the rolling direction, we must 
assume that the angle of rotation about this axis steadily decreases 
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Fig. 14-—-Diffraction Pattern of Sample (4-3) Steckel Mill. 80.0 Per Cent Redu 
tion. X-ray Beam ‘Across’ R.D. 

Fig. 15—Diffraction Pattern of Sample (4-4) Steckel Mill. 86.0 Per Cent Redu 
tion. X-ray Beam ‘Across’ R.D. 
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Fig. 16—Diffraction Pattern of Sample (5-1) Steckel Mill. 93.0 Per Cent Redu 
ion. X-ray Beam ‘‘Across’” R.D. . 

Fig. 17—-Diffraction Pattern of Sample (5-1) Steckel Mill. 93.0 Per Cent Redu 
tion, X-ray Beam “‘Along’”’ R.D. 
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Table Il 
Angular Spread of 90° Spot, (100)-Ring 





Per Cent Reduction Degree Spread 















1Y% Inch Roll 0 is 
Diameter 42 31 
Tandem Mill 74.6 20 

81 17 





15 16 






12-Inch Roll : 
Diameter 2 8 


Tandem Mill 













»44-Inch Roll a 
Diamete 62 34 
Steckel 








as the per cent reduction is increased. Figs. 18a and 18b show thar 
in the case of the 88 per cent reduced sample, the angle of rotation 
about the [110] axis is approximately -+- 60 degrees. The diffra 
tion patterns of sample 1-5, Fig. 7, taken with the beam strict}, 
normal to the plane of rolling checks this rotation for the 88 per cent 
reduced sample. ‘Two spots appearing at 60 and 45 degrees, and 
the absence of spots at 75 degrees and close to the direction of 
rolling clearly follow from the stereographic projection belonging to 
the {310} family in Fig. 18a. 

The angie of deviation of the [110] direction from the dire 
tion of rolling is computed from the angular spread of the spots 
appearing on the various ares. ‘This was found to range from +20 













to -+-13 degrees in the case of reductions ranging from 42 to 65 
per cent and +13 to +7 degrees for reductions ranging from 65 to 
88 per cent. These angles will be discussed later with reference to 
difference in orientation existing between the various samples. 


PREFERRED ORIENTATION AS A FUNCTION OF ROLL DIAMETER 






The angular spread of the 90-degree spot in the {100} ring as 


a function of per cent reduction is shown in Fig, 22. From the 
graphs for the 19-inch and 12-inch diameter rolls of the tandem 
type of mill, it is clearly evident that the diameter of the working 
rolls has a noticeable effect upon one of the parameters specifying 
the orientation. From these two graphs it would be easy to esti- 
mate about what the effect would have been of 5'%-inch rolls in a 
tandem type mill. Fig. 22 shows that such an estimated effect is not 
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far from that found experimentally for the 54-inch rolls of the 
Steckel mill. Before discussing these results from the standpoint of 
theory, it will be necessary to point out certain sources of error in 
some of the literature. 

\s pointed out by Wever (4) considerable disagreement is en 


countered in the literature when the effect of rolling variables are 
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65 to Fig. 18c—Ares of the (310)-—-ring from Fig. 6. 
; Fig. 18d——-Ares of the (310)—ring from Fig. 7 
nce to 
considered. Part of the disagreement is due to the methods of roll 
ing the metal, initial grain-size, and chemical analysis, but some 1s 
due to faulty conclusions derived from an X-ray study of the rolled 
samples. Most of the X-ray methods used are not very sensitive to 
ng as changes in orientation, and consequently are to be used only as a 
m the tool for the physical metallurgist, and in case of ambiguous results 
indem should be interpreted in accord with common metallurgical exper! 


king ence. Some of this uncertainty in results is due to placing too great 


ifying a confidence in diffraction patterns obtained by having the samples 


 esti- only perpendicular and normal to the incident X-ray beam. Such a 
in a method gives only a few diffraction rings, principally the {110}, 
is not (100}, and {211}, and if the radiation is made monochromatic by 
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‘ig. 19d—Arcs of the (110)——ring from Fig. 7. 
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strong filtering, the intensity of these latter rings is usually so r 

















duced as to make measurements difficult. 

It is frequently found in the literature that the so-called “six 
point” and “four-point” pattern, i.e., the number of localized spots 
on the band caused by white radiation diffracted from the {110} 
family is used as a criterion for determining whether a “fiber” o1 
“limited” type of orientation exists. An inspection of Fig. 19 
shows the fallacy in these interpretations. In order that the (011) 
planes may show a spot between O and 90 degrees on an N.D. dif 
fraction pattern (Mo rays) (Fig. 7), the angle of rotation about 
|110] as an axis must exceed +35 degrees. This spot and the spot 
at 90 degrees, when symmetrically repeated over 360 degrees, would 
give a “six-point” pattern. All angles less than this would result in 
the appearance of a “four-point” pattern. The method will giv: 
consistent results when the angle of rotation is less than +35 de- 
grees, but as ordinarily used, a rotation greater than 35 degrees but 
less than 90 degrees, cannot be interpreted with any degree of pre- 
cision. 
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ember 











Norton (5) has considered the degree of two-dim 
changes in plastic deformation and their effect upon the p: 


orientation produced thereby. 


10Onal 
erred 
Krom his conclusions, if the chano, 
in reduction in one direction far exceeds the change in red be 
in the other direction, the preferred orientation will be nearly ex 


‘rom this it is concluded that the type of preferred orientatio; 


acl 


Ina 
cold-worked material depends only upon the particular proce 


ployed. However, it is well known that different commercial meth 
ods of cold working the material, even though the different methods 


> Ol) 


give approximately the same dimensional changes, give very diffe 
ent degrees of preferred orientations. Accordingly, Norton considers 
these changes to be due to frictional conditions between the surfac; 
of the sheet and roll. 

The modern method of cold rolling, either by the tandem o 
Steckel process, represents a decrease in friction between the metal 
and rolls compared with the older methods. The smaller working 
roll diameters and tension applied to the metal in the case of the 
Siebel (6) has 
developed a method of graphical analysis for the effect of roll diam 
eter and the coefficient of friction between the metal and rolls on 
the rolling pressures, but this theory cannot be extended to predict 
the preferred orientation at present. 


Steckel mill, all combine to reduce the roll friction. 


The two tandem roll diameters considered here have the sam 
coefficient of friction, about 0.25, while the Steckel mill rolls hav 
this coefficient reduced considerably to a value in the neighborhood 
of 0.15. Although it is possible to attribute the results found here 
to this coefficient of friction, nevertheless, the writer is inclined to 
believe that the differences in orientations found here are principally 
a function of roll diameters. The flow lines in the metal, as rolled 
on a small diameter roll, should be steeper than the flow lines in a 
sheet which was rolled by a larger roll. 
in Fig. 23. 


This condition is pictured 
In this way we preserve a unified concept of deforma- 
tion from a roll of infinite diameter (pressing) to a roll of ver) 
small diameter (drawing through a die). The greater divergence 
of the [110] direction from the direction of rolling in the case ot! 
smaller roll diameters would seem to substantiate this concept. 
The least rotation of the cube about the rolling direction, 1.¢., 
about [110], as an axis is found to be approximately +55 degrees 
in this work. This corresponds to a reduction of 88 per cent, (Sam- 
ples 1-5, 5-1, and 2-4), and there is indication that this angle of 
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lateral rocking decreases rapidly with reductions over 90 per cent. 
\s was shown before, the patterns ot reductions less than 75 pel 


cent indicate that even here the rotation is not random about this 


xis. The point that should be emphasized, however, is that by the 


ant 
Ut, 


t 
| 


» Cn 
5 44* Roll Diameter 


| meth ¢ 
> Stecke/ 


lethods 


diffe; 


> 


12° Roll 
Diameter 
Tandem 


nsider Ss 


, 


e Spread of 90° Spi 
eV) -RINg 


surface 





ry 
yy 
So 


19 faa” Roll 
Diameter 
Jandem 


> metal 
Ldl | a oe 


AN 


lem Of 


Ha / 


orking : , 40 60 
Per Cent Reduction 


Fig. 22—-Angular Spread of 90-Degree Spot, (100) 
6) has ring as a Function of Per Cent Reduction and Roll 
3 Diameter Half of this Spread Represents very Closely 

| diam the Deviation of [110] from the Rolling Direction 


of the 


olls on 


| redict 


C Sani j Flow 
Is have pees 
orhood 
id here ' | 
| Meta) Mete/ 
ned to Sheet i Sheet 
cipally | 
- rolled 


PS Ina 





Fig. 23—-Supposed Direction of Flow Lines 


ictured ferent Diameters 


forma- cite ae wis et 
; criterion of a “six-point” or “four-point” pattern, cold-rolled strip 
t very . . ; 
steel would have a random rotation of the cube about the rolling 
(i.e., the [110]) direction until reductions in the neighborhood ol 
90 per cent or more are reached. As shown here this result cannot 
be true, but is to be modified so that the random rotation of the cube 
about this axis decreases steadily with increasing per cent reduction 
above 40 per cent to about 85 per cent and then decreases rapidly 
for reductions over 90 per cent. Within the limits permitted by the 
roll diameters available in this work, the roll diameter has only a 
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negligible effect on the angle of rocking about the rolling . 
1.e., about [110]. 

Roll diameter has a pronounced effect, however, on the angi, 
of rocking about the transverse direction, i.e. about [110]. 














men 
tioned before, the half-angle spread of the 90-degree spot on th, 
(110}-ring is approximately the deviation of the [110] directio, 
from the rolling axis. From Fig. 22 it can be stated that t! smal 
ler the roll the greater is the angular deviation of the [110] dire 
tion from the rolling direction. At high reductions this effect }y 
comes increasingly smaller, and the lines on the graph should con 
verge to a common point in the neighborhood of 100 per cent redy 


tion. 































DIFFERENCE IN PREFERRED ORIENTATIONS PRODUCED BY TH; 
TANDEM AND STECKEL MILLS 





Although a difference does exist between the patterns belonging 
to tandem and Steckel mill rolling, the results shown here and the 
results of other researches tend to show that this difference is to be 
attributed almost entirely to the roll diameters used. This conclu- 
sion cannot be checked directly by using rolls of tandem mill diam 
eter on a Steckel mill because of the experimental difficulties. Sisson 
(7) found that the application of tension below the elastic limit to the 
strip (this is the principle of the Steckel mill in driving the rolls by 
frictional contact with the coil which is being pulled through the 
mill) during the rolling process does not effect the establishment of 
final degree of preferment. 

There is one feature of the diffraction patterns which may lb 
due to the change in roll diameter or to the method of rolling. On 
comparing the tandem mill series 1-2, 1-3, etc., with the Steckel 
mill series 4-1, 4-2, etc., it is noticed, going backward in the series, 
that as the amount of reduction is decreased, the photographic con 
trast of the spots relative to the adjacent parts of the continuous 
rings is decreased. This phenomenon is more marked than the nu- 
merical changes in the half arc lengths. It indicates that, while an ap- 
preciable degree of preferred orientation is obtained with moderate 
reductions, there is still a large number of crystallites with random 
orientation. A comparison of the two samples with 62-65 per cent 
reduction is interesting from this viewpoint. While the spots are 
longer on the diffraction of the Steckel mill sample 4-2, than that of 
the tandem mill sample 1-3, they are blacker relative to the continu- 
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rings (i.e., whiter on the prints). Thus, while the tandem mill 


1 
OusS 


sample shows a higher degree of pertection of the preferred orienta 


Hon at this reduction, it leaves a larger fraction of the crystallites 
with a random orientation. How much of this is due to the roll 
diameter and how much to the method of rolling cannot be said at 


the present time. 


CONCLUSIONS 


From the results of this work several definite conclusions may 
be drawn as to the effect of working-roll diameter on the degree of 
orientation obtained in cold-rolled strip steel products: 

(a) In all cases of roll diameters considered here, and in both 
cases of the two types of rolling strip steel, viz., the tandem and 
Steckel mill, the preferred orientation can be specified by having a 
[110] direction of the unit cell of the iron crystallites along the 
direction of rolling and a rotation of the cube about this direction 
as axis. This rotation is not completely random about this axis, but, 
starting with reductions in the neighborhood of 40 per cent, the 
angle of rotation steadily decreases to about +55 degrees in the 
neighborhood of 85 to 90 per cent reduction. Above this point the 
angle of lateral rocking should decrease very fast with increasing 
per cent reduction. The angle of deviation of the [110] direction 
from the direction of rolling is found to be a function of the per 
cent reduction and will decrease steadily with increasing reduction. 
This was found to be approximately 20 degrees for the samples of 
{0 per cent reduction and 7 degrees for the samples of about 90 per 
cent reduction. 

(b) The angle of deviation of the [110] direction has been 
shown to be definitely a function of the working-roll diameter. This 
means that for any given per cent reduction, the smaller working 
roll will produce a preferred orientation which has a larger angle of 
deviation of the [110] direction from the rolling axis than the orien- 
tation obtained with a larger roll. A change in the angle of lateral 
rocking with roll diameter could not be detected in the present work. 

(c) The differences existing in the preferred orientation made 
by the Steckel and tandem type mills has been shown to be due 
principally to differences in roll diameters and not to the method of 
driving the mills. In other words, as long as the tension is below 
the elastic limit of the steel, the application of tension to the sheet 
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does not seem markedly to influence either the type or the cd 
preferred orientation found in the cold-rolled strip. Although | 
dem mill produces a higher degree of preferred orientation 
per cents of reduction, it seems to leave a larger fraction of th, 
crystallites with random orientation than the Steckel. Whether thi 
is due to the roll diameter effect, or to the method of rolling, cannoy 
be decided at the present time. 


{ low 


(d) Obviously, the results presented here for low per cen 


reductions (45 to 60 per cent) of commercial strip coils for tin-plat 
gages will apply equally well to strip gages for auto-body use 
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rHE SODIUM CYANIDE METALLOGRAPHIC ETCH 
Ce, of reST FOR REVEALING PRECIPITATED CARBIDES 
tan IN THE 18-8 TYPE STAINLESS STEELS 
if low 
L the 
hey this Abstract 


* annot 


By W. B. ArRNEss 


Vuch of the attention devoted to the study of the 1&-S 
type stainless steels has been focused upon the related 
er cent problems of carbide precipitation and intergranular cor 
in-plate rosion. Methods of detecting the presence of carbides 

have been developed, and one of them the sodium cy 
anide metallographic etch has been found to be reliabli 
and sensitive. Properly used it will reveal carbides with 
out attacking austenite or crystal boundaries. 
The test is applied to 18-8 in any condition, as afte 
hot or cold working, after heat treating or welding, o1 
after exposure to corrosive media. Specimens are pol 
ished, immersed in a ten per cent solution of NaC N in 
water, and electrolytically etched, in preparation for exam 
1 Metal ination under the microscope, usually at x 500. Carlides 
when present, appear as black lines or globules in an othe 
last Fw wise unetched surface. 

The principal objects of this study were to determine 
whether the NaCN test can be relied upon to reveal the 
presence of precipitated carbides in 18-8 steels, and to 
outline a satisfactory technique for applying it. Attention 
was also directed to consideration of the proper scope of 
the test, and a discussion of this aspect of the problem is 
included, 

Typical results are ulustrated in Figs. 1 to 24, All 
specumens were selected from commercial heats, and thew 
treatment prior to testing was carefully supervised. All 
were anodically etched in the NaCN solution, using a sia 
volt current. The size and shape of the specimens varied 
a little, but usually they were approximately VY inch 
square « Y% imch to % mech thick. A distance of one inch, 
measured by eye, was maintained between the polished 
surface of the specimen and the parallel surface of the 
platinum cathode. 


RELIABILITY OF THE TEST FOR QUALITATIVE RESULTS 


\ SATISFACTORY qualitative test for precipitated carbides in 


18-8 steels might be defined as one that would give consistently 


lhe author, W. B. Arness, mill superintendent, Rustless Iron and Steel 
Corp., Baltimore Md, Manuscript received June 1, 1936. 
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negative results when applied to annealed specimens wherein 
bides are in solution, but which would infallibly reveal even th 


taint 

est traces of precipitated carbides when they are present. 
To judge the efficacy of the NaCN test by these standards, may, 
specimens, both high and low carbon, were examined. The appear 


ance of a typical annealed structure, with all carbides in solution, 


illustrated in Fig. 1. As expected, no carbides are revealed. Nor jg 
























any trace of the crystal structure in evidence. The result is, as jj 
should be, completely and consistently negative. 

In Fig. 6, the structure of a specimen heated for five minutes a: 
1200 degrees Fahr. (650 degrees Cent.) to bring about slight precip 
tation of carbides is shown. Here the carbides that were deliberate}, 
produced are clearly seen. Even when a very short exposure to car 
bide precipitation heating is involved, as by a simple welding of loy 
carbon (0.05 per cent) plate, carbides are clearly revealed (Fig. 5) 
I’xamination of many specimens treated so as to induce carbide pre 
cipitation confirmed these typical results. 

So far the NaCN test meets the requirements of our definition, 
but before finally endorsing it, several important questions remain to 
be answered: 





1. Can the test be manipulated so as to reveal austenite 
boundaries, or any constituents other than - precipitated 
carbides ? 

2. What result is obtained when the test is applied to 18-8 
steels containing special supplementary elements ? 

3. How do results of the NaCN test compare with results oi 
other metallographic tests used for the same purpose? 

4. Can the test be used to measure quantitatively the amount 
or degree of carbide precipitation ? 

5. What is the effect of prior hot and cold treatment of th: 
steel upon the appearance of carbides as revealed by the 


test? 





1. Selectiveness of the Test — To determine whether the NaCN 
solution will etch austenite, many annealed specimens were examined, 
of which Figs. 2, 3 and 4 are typical illustrations. An annealed low 
carbon 18-8 steel containing some ferrite, or delta iron pools, was 

) 


etched (Fig. 2). Although no trace of austenite appeared, the ferrite 






pools were quite clearly outlined. This is a typical result, but for- 
tunately leads to no confusion, and does not reflect upon the use- 





SODIUM CYANIDE ETCH TES1 
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amined 


led low Fig. 1—Annealed, Etched 5 Min.—-No Carbides C 0.05, Cr 17.8, Ni 9.3 

| 4 Fig 2 Annealed, Etched ) Min. No Carbides. Ferrite Pools Lightly Outlined 

1S, Was C 0.06, Cr 19.2, Ni 8.3. 

f ‘rrite Fig. 3—Annealed, Etched 20 Min.—-No Carbides. Ferrite Pools More Heavily 
Crritt Outlined. C 0.05, Cr 19.5, Ni 8.3. 


t for- ; Fig. 4—Annealed, Etched 30 Min. Crystal Boundaries Are Finally Being Etched 
yu Note Enlarged Pits. C 0.05, Cr 17.8, Ni 9.3. All Specimens Etched Kiectrolytically in 


he 11S8e- NaCN—6 Volts. x 500. 
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fulness or reliability of the test, because ferrite is clearly reco 
as such. 





Prolonging the etching period to twenty minutes, which 














Sey 
eral times longer than required to reveal carbides, fails to bring oy 
any constituents remotely resembling carbides (Fig. 3). The onh 
effect is to slightly darken the boundaries of the ferrite pools . 

It is not until the etching time has been increased to thirty mi 
utes (Fig. 4) that the austenite structure begins to appear. Some 





pitting has also occurred, which is caused by removal of nonmetallic 





and enlargement of their cavities. Since there is no reason to etch 








for so long a time, this result has no practical significance, and is yo; 
a valid objection to the test. 











2. Effect of Addition Agents — General experience with the 
NaCN reagent indicates that the presence of the usual addition agents 











in 18-8 alloys does not detract from its discriminating preference fo 
carbides. Figs. 15 to 22 illustrate the reliability of the test for re 
vealing carbides in 18-8 steels containing manganese, tungsten, mo 
lybdenum and titanium, and clearly indicate the similarity in appear 
ance and behavior of carbides as measured by the NaCN test in all 
of these complex steels. 

In refutation of the effectiveness of the NaCN test for studying 
carbide precipitation in 18-8 steels, it has been said that this reagent 
reveals carbides in other (than 18-8) rustless irons, and even in car 
bon steel. That it does, appears substantiated (Figs. 23 and 24), but 
this is hardly a valid reason for condemning application of the test 
to the 18-8 steels, providing it is kept in mind that the test makes no 
pretense of identifying each of these differently composed carbides. 

It is strongly urged by makers and users of these special 18-8 
steels that carbide precipitation may be so controlled in the presence 
of certain addition agents, which supposedly affect the composition or 
distribution of carbides, that susceptibility to intergranular corrosion 



























































is reduced or prevented despite the existence of carbides. It is not 





proposed here to discuss the question, but granting that there is some 
basis for this contention, it is obvious that the mere detection of car- 
bides by the NaCN test is no criterion for judging the corrosion be- 











havior of these steels. 

3. Results Obtained in Comparison with Results of Other 
Tests — Several other metallographic tests have been used for de- 
tecting carbide precipitation. Of these, electrolytic etching with nitric 
acid, immersion etching with hydrochloric acid-ferric chloride solu- 
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with Murakamu's solution (potassium ferricyanide and sodium 


oxide) and with Vilella’s reagent (aqua regia in glycerine) are 


most familiar, Recently electrolytic etching with oxalic acid has been 


proposed. 

\ll of these methods may be used successfully by an experienced 
metallographist, but each has its own idiosynerasies which must be 
thoroughly understood before reliable-results can be obtained. kor 
‘nstance, etching. electrolytically with HNQ, for thirty seconds sut 
fices to develop the erystal structure of 18-8, whether or not cat 
hides are present, ‘Thus, use of this method relies upon preferential 
rapid etching of carbides when present, in a very few seconds, and 
halting the etching attack after carbides have been resolved, but be 
fore the structure itself has become visible. It is obvious that use 
of such a reagent requires considerable skill and judgment, and that 
it might frequently be doubtful whether apparent results are in fact 
what they seem. 

Since the action of HCl-FeCl, solutions and of Vilella’s reagent 
are quite similar in that they, too, etch crystal structures in 18-8 afte) 
only a few seconds exposure, the same objections apply to their use 
for revealing carbides. 

Murakami's reagent has been widely used, and possesses the ad 
vantage that it does selectively resolve carbides. Some investigators 
who prefer it obtain consistent and excellent results. However, four 
objections to it have been voiced, which seem to be hased on good 
evidence : 

|. Carbides are not always sharply outlined. 

2. It is sometimes difficult to obtain uniform etching over 
the entire surface of the specimen. 
There seems to be a tendency to underestimate the severity 
of precipitation, 

Results are wholly untrustworthy unless the polishing of 

the specimen is well nigh perfect. 

Ktching with oxalic acid is a new method. According to avail 
able information, which has been confirmed, it is admittedly a dual 
purpose reagent. Carbides are first resolved, and by continued etch 
ing for several seconds, grain boundaries appear. ‘This behavior 
places the reagent in the class of nitric acid and others mentioned 
above. Its successful use depends upon stopping the action before 
any constituents except carbides are resolved, and this feature ap 
pears to be a distinct disadvantage. 
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[n comparison with these other methods. electrolytic etch 
the NaCN solution appears to be far superior. It is slow 
and sensitive to carbides alone for an etching period much j; Xcess 
of what is required to reveal carbides. It defines carbides sharply 
and reveals clearly the minutest traces of precipitation, 7 
specimen polishing is slighted somewhat, results are fairly reli 
sharp contrast with other methods which are valueless under thes, 
conditions. It is true that ferrite pools in an annealed carbide fre 
structure are outlined, and that one or more constituents within th 
ferrite areas etch dark when precipitated carbides are present, but 
this is not confusing because ferrite can invariably be recognized { 
what it is. 


OI 


4+. Quantitative Measurement of Carbide Precipitation with t) 


NaCN Test — Although the phenomenon of carbide precipitation 


has been intensively studied, no thoroughly satisfactory or general) 
accepted explanation of its nature or of the mechanism of its occur 
rence has been offered. In a broad sense, carbide precipitation in 
18-8 steels is primarily a function of carbon content, and prior treat 
ment (including both hot and cold working). Also, it has been ob- 


served that 18-8 is, under some conditions. sensitive (“sensitized” ) 
to intergranular corrosion when carbides are precipitated. Moreover. 
it is usually conceded that 18-8 steels containing high carbon are more 


susceptible to carbide precipitation than otherwise similar low car 


bon steels. In consequence, it is customary to adopt precautionary 
measures in the manufacture and fabrication of these metals looking 


toward strictly limiting the amount or degree of carbide precipita 
tion, by specifying carbon not over 0.07 or 0.08 per cent, and by 
carefully governing all operations, and especially welding, to minimize 
exposure of the metal to temperatures which cause precipitation, or 
at least to correct the effect of such treatment by subsequent an 
nealing. 

Progress in the understanding of carbide precipitation has nat- 
urally led to a widespread search for a test which will measure the 
amount or degree present. This effort has been carried further to 
the point of attempting to predict or infer susceptibility to inter- 
granular corrosion in service by deliberately imposing controlled car- 
bide precipitation heat treatments upon laboratory specimens and 
then measuring the amount of carbides precipitated. 

The NaCN test has been proposed for these purposes. It has 
already been determined that the test is a sensitive indicator of car- 
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Fig. 5—Annealed and Welded. Area in Parent Metal Adjacent to Fusion Line 
Mild Carbide Precipitation Normal to Fabrication Methods ») Minute Etch C 0.05, 
r. 19.3, Ni 8.3. 

Fig. 6—Annealed + 1200 Degrees Fahr.—5 Min. C 0.05, Cr 19.1, Ni 8 Min 
Etch 

Fig. 7—Annealed + 1250 Degrees Fahi 10 Min C 0.96, Crl9.3, Ni 8.8 
Min. Etch 

Fig. 8—Annealed -+ 1200 Degrees Fahr.—60 Min. Severe Carbide Precipitation 
lreatment. C 0.06, Cr 19.2, Ni 8.3 >; Min. Etch. All Electrolytically Etched in 
‘aCN—6 Volts. x 500. 
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hides. Will it also permit their quantitative me 


asurement? ‘joc s 
to 8 illustrate the appearance of 


annealed specimens whi, 
welded (Fig. 5), or which were heated at 1200-1250 
(650-675 degrees Cent.) 


Were 
degrees Fah; 
for five, ten and sixty minutes, respectiveh 
and thereby subjected t 


treatments. 


increasingly severe carbide Precipitation 
Undeniably these photographs show that some darke 


ning of the 
carbides is brought about 


by greatly prolonging the treatment 
Hence, it might seem that the change in appearance could be 
tively interpreted, but upon close examination it 
little significant or clearly definable difference 
termediate between Fig, 5 and Fig. 8. 


quantita- 
appears there j< 
in the structures in- 
g.! Even the common variable of 
etching technique may have a pronounced effect. as js illustrated jj 
Figs. 7 and 9, which compare identical specimens etched five 


and 
twenty minutes, respectively, 
Such results do not encourage the use of the NaCN test f 


quantitative measurement of the amount or degree of 


carbide pre- 
cipitation. This is especially true since a judicious choice of mate 
rials and processing methods makes jt practical to severely limit th 
amount of precipitation, and thus unnecessary to evaluate minute jp- 
crements in the quantities of carbides present: differences between 
a trace and slightly more than a trace. The test is very sensitive. 
and does clearly reveal slightest traces of carbide precipitation ( Fig, 
9), and in a broad sense it also discriminates between mild an 
precipitation (Figs. 5, 8 11 and 12). However, the severe cond;- 
tions shown in Figs. 8 and 12 can be avoided and should not occur, 
unless by sheerest accident. Therefore. to use this test quantitativel 
it is necessary to evaluate slight variations from the order of magni 
tude revealed in Figs. 5, 6, 7 


| severe 


and 10, and considering alone such fac 
tors influencing the appearance of carbides as prior treatment. and 
the variables of specimen preparation and etching technique, this 
micrometer use of the test is obviously impractical. 

5. Effect of Prior Treatment —It has been generally recog- 
nized that prior treatment influencing grain size and hardness has a 
marked effect upon the distribution of precipitated carbides (Figs. 
10 to 14). Usually hot-rolled or cold-worked materials reflect more 
or less grain refinement or distortion, and these effects tend to cause 
precipitated carbides to appear globular and discontinuous. The 
NaCN test has been proposed for distinguishing between these dif- 
ferences in distribution. 
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1250 Degrees Fahr.—10 Min C 0.06, C1 


t more Fig. 9—-Annealed +4 
Effect Due to Over Etching 


Min. Etch Exaggeration of Carbide 


i" Fig. 10—Hot-Rolled + 1250 Degrees Fah 10 Min. C 0.06, 
T Min. Etch 
Che Fig Hot-Rolled -- 1250 Degrees Fahr.—5 Min. C. 0.1 
7; Min. Etch, | 
se dit- Fig. 12--Hot-Rolled + 1250 Degrees Fahr.—1 Hour 
Etched in NaCN 6 Volts 


Min. Etch. Electrolytically 
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1 ‘TE 


Fig. 13—-Annealed + 1250 Degrees Fahr.—10 Min 
Carbide Networks by Cold Work. C 0.06, 


Distortion of 
Cr 19.3, Ni 8&8 
Fig. 14—Annealed Cold Work 
Dispersion of Carbides 


+ 1250 Degrees Fahr.—10 Min. 
esulting from Precipitation in Strained and 
ture. Analysis same as Fig. 13. 


Fig. 15—Annealed. No Carbides, But Ferrite Pools 
Mn 3.4, Cr 19.6, Ni 8.3 
Fig. 16—Annealed + 
lreatment Carbides in Boundaries Also 
Appears Prominently in Ferrite Pools. 
Electrolytically Etched in NaCN 


+ Cold Work 


Heterogeneous 
Distorted struc 


Lightly Outlined C 0.1 
1250 Degrees Faht 12 Hours. Severe Carbide Precipitation 


Some Constituent, Probably Carbides 
Analysis same 


as Fig. 15. 5 Min. Etch 
6 Volts. xX 500. 
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Fig. 17—Annealed. : k 17 i 
Fig. 18—Annealed + 1250 Degrees Fah 12 Hours Analysis Figs / an 
1I8—C 0.12, Cr 17.3, Ni 11.2, W 2.6. 
Fig. 19—-Annealed. : f 19 
Fig. 20—Annealed + 1200 Degrees Fahr 24 Hours Analysis Figs oo 
0—C 0.07, Cr 18.8, Ni 9.0, Mo 2.5 Electrolytically Etched in NaCN-—-6 Volts 
Min. Etch. X 500. 
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Whether globularized carbides, either thoroughly dispersed or 
tted discontinuous networks, are preferable to a continuous net- 
form, however faint, is an open question. It will suffice here 

ssert that the NaCN test when properly used does differentiate 
clearly between the extremes of these two forms. Unfortunately, 
there is a range of conditions wherein one form merges almost im- 
nerceptibly into the other, so that it is impossible to define where one 
ends and the other begins, and hence the NaCN test cannot be ex- 
pected to determine this end-point with accuracy. 


TEST PROCEDURE 


|. Preparation of Specimens — The first step in applying the 
NaCN test is the proper polishing of specimens. In general, metal 
lographic polishing technique is well understood, but the austenitic 
stainless steels are peculiarly susceptible to local work hardening, 
pitting, scratching and flowing of the surface. All such undesired 
effects as these detract from the consistency and reliability of the 
test results. Therefore, polishing methods adopted should avoid or 
minimize these variables, and moreover should be carefully stand- 
ardized. One satisfactory polishing method is briefly outlined: 
Rough polishing by hand to 000 Manning papers used dry. 
Semi-final polishing with levigated (one-half hour) alumina on 


a 14-inch disk covered with broadcloth, rotating at about 800 revo- 
lutions per minute. 


Final polishing with alumina levigated two hours, on a 14-inch 
disk covered with broadcloth, rotating at about 600 revolutions per 
minute. 

The NaCN Solution — The analytical grade of NaCN sold by 
any one of several reliable chemical supply companies has been found 
satisfactory. The etchant is composed as follows: 

NaCN (analytical grade) 10 grams 
Distilled water 100 ml. 
The solution is used at room temperature. 

[t is important that the content of chloride impurities be very 
low. One representative grade of NaCN has been found to contain 
about 0.02 per cent chlorides, an amount believed insufficient to affect 
the selectiveness of the etchant. Presence of chlorides causes chlor- 
ide ion concentration at the anode, a condition which may lead to 


actual etching of austenite crystal boundaries in the absence of pre- 
cipitated carbides. 


2. Etching Procedure — Equipment required is simple, and may 
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September 


vary in construction or assembly. A satisfactory apparatus is shown 
in Fig. 25. 

The cathode (a) may be a flat piece of platinum attached to , 
piece of copper wire. The specimen (b) which acts as the anode js 
so placed that the polished surface is parallel to, and about one inch 
from, the platinum cathode. Etching is accomplished by making con- 
tact with the specimen by means of the stylus (c). The current js 
supplied by dry cell batteries connected in series. 

Current density, and therefore rate of etching action, is governed 
by size of specimen, distance between anode and cathode, and current 
potential. A potential of six volts, usually secured by connecting 


Fig. 25—Diagram of Electrolytic Etching Apparatus. 


four standard dry cells in series, is satisfactory. These factors may 
and do vary over a considerable range, and they regulate the etching 
time required. 

In general, the shortest etching time which yields sharp defini- 
tion of carbides is to be preferred. At least one large user of 18-8 
who employs this test extensively favors a five-minute etch. Al- 
though this is often a more drastic treatment than is required for a 
properly polished specimen containing precipitation carbides, it does 
not generally cause severe over-etching. On the other hand, if no 
carbides are revealed in a properly polished specimen after etching 
for five minutes, it may be safely assumed that none are present. 

There is no serious objection to general adoption of these test 
conditions in the interest of uniformity and standardization, but it is 
not believed that they are necessarily the optimum conditions, or even 
that they need be arbitrarily specified. 

3. Examination —It has been the practice in several labora- 
tories to make routine examination of specimens at & 500. This pro- 
cedure is generally satisfactory, although higher magnification brings 
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much interesting and perhaps significant and essential detail. 

4. Mechanism of the Test — Despite substantial evidence of the 
reliability and usefulness of the NaCN etch for qualitative tests, it 
‘s doubtful if a critical study of it has been made. The chemistry 
of the etching action is not yet thoroughly understood, nor is the 
nature of the attack altogether clear. A careful investigation, espe- 
cially of the structures revealed at high magnification, would prove 
a welcome. It is to be hoped that this task will be soon under- 
taken. 

In the meantime, a very cursory analysis will have to suffice. 
Evidently, the oxidizing conditions set up at the anode when etching 
with this reagent are induced by nascent oxygen formed in the break- 
ing down of hydroxyl ions. In addition, it is probable some cyanate 
is formed, and chlorine also, if chlorides are present. Carbides are 
probably attacked by these agents, and presumably the austenitic 
matrix is maintained stable by the passivating effect of the oxygen. 

Reference to Fig. 4 will show that even the low chloride solu- 
tion does attack austenite under special conditions. This photograph 
suggests that the metal is being dissolved by a strong oxidizing attack, 
similar to what is observed in concentrated nitric acid. 


SUMMARY AND CONCLUSION 


The NaCN test has been carefully examined, typical results are 
recorded, and a safe test procedure has been outlined. 

The NaCN solution will not etch the austenite structure of 18-8 
steel unless exposure to the solution is prolonged much beyond the 
time required to etch carbides, if any are present. 

When carbides are precipitated, etching for several minutes will 
reveal them. Overetching, unless inordinately prolonged, does not 
affect or confuse qualitative results in the slightest. 

It is clear that the NaCN solution outlines ferrite pools in the 
annealed structure, and etches them dark when carbides are precipi- 
tated, but this result does not detract from the usefulness of the 
test, because the appearance of ferrite cannot be mistaken. 

In general, this test appears suitable for detecting the presence 
of precipitated carbides (chromium carbides, tungsten carbides, etc.) 
in the structures of 18-8 alloys. Its sensitiveness is not affected by 
presence of the usual addition agents, but it fails to identify sepa- 
rately the carbides of these various added elements. 
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Secause it is reliably selective in its preferential attack of car 
bides for a much longer etching period than is required to etch them. 
the NaCN test is deemed superior to all dual purpose reagents for 
revealing the presence of precipitated carbides. In comparison with 
Murakami’s reagent, the NaCN solution achieves somewhat better 


definition, more uniform etching, and more reliable results, especially 


if polishing is less than perfect. 

Although the NaCN test may be used to detect the difference 
between incipient and severe carbide precipitation, the condition of 
greatest practical importance is the incipient condition incident to 
welding or to processing of materials. For detecting or evaluating 
minute differences in the very mild degree of carbide precipitation 
involved, the NaCN test is not suitable and is not recommended. 

The NaCN test will clearly reveal differences in the form or 
distribution of carbides. However, it cannot be applied satisfactorily 
to establish the end point where the globular form merges into the 
continuous network form. 

It follows that the only proper uses of the NaCN test which can 
be approved as yet are for investigational work in studying the phen- 
omenon of carbide precipitation, and for production work to differ- 
entiate between materials that are completely, or at least substantially, 
free of precipitation as contrasted with materials that are definitely 
sensitized. For these uses it is eminently suited, has proven superior 
to others, and is much quicker. 

In closing the author wishes to express his appreciation to the 
metallurgical staff of the Rustless Iron and Steel Corp. for their 
indispensable assistance, and especially to Messrs. S. P. Watkins and 
KX. H. Wyche, who developed the test procedure outlined and con- 
ducted the metallographic work upon which the report is_ based. 
Other metallurgists prominent in the industry, including Messrs. F. 
B. Foley, R. P. DeVries, John Brunner and H. I. Passmore, con- 
tributed valuable editorial comment and data from their own labora- 
tories, and their assistance is gratefully acknowledged. ‘To the man- 
agement of the Rustless Iron and Steel Corp. thanks are due for 
their friendly interest and co-operation in fostering this work. 


Written Discussion: By Ernest H. Wyche, Rustless Iron and Steel Corp., 
Jaltimore Md. 
THe Soptum CYANIDE CarBIDE EtcH As 
APPLIED TO THE 18-8 FREE MACHINING STEELS 


It has recently been observed that sulphides in the 18-8 free machining 








SODIUM CYANIDE ETCH TES1 





Analysis Etched Electrolytically for 


Fig. 1—Annealed Specimen of the Following 
S 0.27, Cr 18.11, Ni 8.44, 


Minutes in NaCN. Six-Volt Current. x 500. C 0.08, 
Mo 0.36. 


Fig. 2 3 
Fig. 3—Etched Specimen. Annealed. 5 Minute Electrolytic NaCN Etch 


C 0.07, S 0.22, Cr 18.51, Ni 8.82, Mo 0.41. 
Fig. 4—Specimen Same as Fig. 1. 20 Minute 


—-['netched Specimen. <500. Analysis Same as Fig. 


Electrolytic NaCN Etch 
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Fig. 5 and Fig. 6—Same Specimen Shown in Figs. 1 and 4. Plus 1250 Degrees 
Fahr. 10 Minutes. Fig. 5 Electrolytic NaCN Etch for 5 Minutes. Fig. 6 Same 
Etched 20 Minutes. x 500. 

Fig. 7—Normal Specimen Having Precipitated Carbides and No Small Sulphides 
5 Minute Electrolytic NaCN Etch. C 0.07, S 0.31, Cr 18.11, Ni 9.08, Mo 0.41. 500 
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Fig. 8—Copper Sulphate Bend Tests. Left—OK. Right—-Bad Dents Are 
Due to Jaws of Vise. XX 2. 


grades are sometimes found dispersed in a pattern strikingly similar to lightly 
precipitated carbides after a micro specimen has been electrolytically etched 
with NaCN. Fig. 1 is an illustration of this phenomenon found in fully annealed 
ind therefore carbide-free material. 

Thus arose the problem of deciding whether a given specimen was actu 
ally carbide-free or not. The development of a special etching technique for 
identifying both components had to be worked out, and below three methods are 
outlined which have enabled us to arrive at a correct interpretation of results 

The first method for solving doubtful cases was based upon a careful micro 
scopic examination at about «500. Three marked differences were noted in the 
appearance and orientation of the two constituents, even though both were re 
solved in about the same etching time. Typical photomicrographs of unetched 
and etched specimens showing normal sulphide distribution are illustrated in 
Figs. 2 and 3. 

The first difference in appearance was seen by moving the microscopic field 
slowly in-and-out of focus. Sulphides were found to have a white “core” when 
etched (Fig. 3), while carbides are known to be solid black when etched. This 
white appearance is probably due to a reflection of light from the bottom of th« 
hole left by dissolving out a sulphide. It was sometimes necessary to accentu 
ate this difference by over-etching for as long as four or five times the usual 
amount in order to see the white “cores” of the smallest sulphides. Figs. 4 


and 6 illustrate the result of over-etching specimens of Figs. 1 and 5 respec 
tively, and they plainly show the white “cores” of the larger sulphides. Figs. 
| and 4 are carbide-free; Figs. 5 and 6 contain carbides. 


A second distinct difference in appearance was noted in the general orienta- 
tion of small sulphides and precipitated carbides. The sulphides were more 
often aligned in straight rows of dots and scattered throughout the grains (Fig. 
4), while carbides were in curved rows of dots (Fig. 7). 

A third difference in appearance was noted in general distribution of sul 
phides and carbides when taken over large areas. Sulphides of all sizes seem 
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to be somewhat segregrated in bands aligned in the direction of rolling . 
ing, while carbides, when present, are known to be rather uniformly distr; 
over the entire surface. 

The second method of solving doubtful cases was by heat treating a 


portir 
of the specimen. It was either annealed to dissolve carbides, or was heated ’ 


1250 degrees Fahr. (675 degrees Cent.) to precipitate carbides, and after etc! 
ing, was compared with the original. If one did not have sufficient matey 
and did not wish to destroy the previous structural condition, this second method 
would not be advisable. Fig. 5 illustrates the result of a 1250 degree Fahy 
(675 degree Cent.) treatment given the specimen shown in Fig. 1. When over 
etched (Fig. 6), the carbides, if continuous, appear in heavy black lines 


idl 


The third method for solving doubtful cases was by subjecting a specime: 
to the familiar Strauss acid copper sulphate test. The results of two such tests 
are illustrated in Figs. 1, 2, 5, 6 and 8. The structure of the satisfactory bend 
test pictured on the left in Fig. 8 is shown by Figs. 1 and 2, while the structur: 
of the other bend test, which failed to pass the Strauss test, is illustrated } 
Figs. 5 and 6. A normal specimen having precipitated carbides and no small 
sulphides is shown in Fig. 7. 


CONCLUSION 


The fact that the sodium cyanide reagent resolves both carbides and sulph 
ides is no valid reason for discarding this etchant, because the other reagents 
most commonly used for detecting carbides, namely Murakami’s reagent and 
oxalic acid, also resolve these same constituents. 

The results obtained by electrolytically etching 18-8 free machining with 
sodium cyanide become difficult of interpretation only when the sulphides ar 
finely dispersed. Normally, the specimen appears similar to that illustrated i 
either Fig. 3 or Fig. 7, which respectively show structures without and with 
carbides. 

Although the writer is not as familiar with 18-8 containing selenium and 
other free machining grades as with 18-8 containing sulphur, it is his experi- 
ence that similar dispersions are sometimes encountered in the examination of 
these other grades, and that these methods also apply for them. 
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rHE MICROCHARACTER AS A RESEARCH TOOL 


W. J]. Contey, W. E. Coney, H. J. KinG Anp L. E. UNGER 


Abstract 


The “microcharacter,” an mstrument which can be 
used to determine the relative hardness of the microscopu 
constituents of alloys, is described together with the tech- 
nique of its operation and interpretation of the results. 
The fundamental reasons for the adoption of the diamond 
point as the cutting tool, ground to the shape of the cor 
ner of a cube, are stated. Microscopic illustrations are 
included to show the range of hardness determinations 
possible and tables showing the conversion from width 
of cut in microns to microhardness. A table is also given 
of hardness determinations for several metals and micro- 
constituents of alloys as found by the authors. Finally 
some examples show the practical possibilities of the in- 
strument for the recognition of structures, the determina- 
tion of machinability of steel and the study of the case 
on case-hardened steels. 


aaa years ago the authors, through contact with some prac- 


tical bearing problems, found it necessary to know more about 
the function of the various constituents of bearing alloys. Since 
performance seemed to bear a relation to the relative hardness of 
the microscopic components of the materials of the bearings, search 
was made to find a means of evaluating this hardness. It was clear 
that the common practical methods for the determination were not 
applicable to this problem.’ As a result of a diligent search atten- 
tion was drawn to the “microcharacter,”* and this instrument seemed 
to have the required requisites. After some preliminary investiga- 
tion, the device itself seemed to offer a very fascinating field for 
study and consequently, considerable research has been done by the 
authors on the technique of this apparatus. 

Inasmuch as the “microcharacter” was not a universally known 
instrument and is used only to a limited extent, and since it seemed 


‘An excellent summary of the work to date is given in ‘“‘The Hardness of Metals and 
its Measurement,’”’ by Hugh O'Neil. 


°C. H. Bierbaum, ‘‘The Microcharacter,’’ Transactions, American Society for Steel 
lreating, Vol. 18, 1930, p. 1009. 


Of the authors, W. J. Conley is professor of engineering, and the others 
graduate students of the University of Rochester, Rochester, N. Y., Manu- 
script received June 22, 1936. 
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to offer possibilities for the attack of many problems in research. jt 
was felt that a description of the instrument and some of its applica- 
tions might be of interest to a considerable number of research 
workers. 

The “‘microcharacter’” was developed by C. H. Bierbaum® who 
considered several shapes in the design of a proper cutting edge 
Mr. Bierbaum was governed in his choice by the following: | 


1. The formations to be tested were of microscopic size 


and, consequently any hardness measurements had to be made 


on very minute areas. 


2. The cutting edge had to be sufficiently sharp to pro- 


duce a clear cut on exceedingly hard as well as soft material. 

3. In order to obtain absolute values and for comparative 
results the cutting edge had to be ground accurately to definit. 
specifications which afford exact duplication. 

4. The shape had to be such that at all times the vertical 
pressure exerted upon the material tested had to be greater 
than the horizontal cutting force, also, that the depth of indenta- 
tion could not be increased by removing the horizontal pull 
upon the cutting edge. 


A cutting point in the shape of a solid right angle (Fig. 1) o1 
the corner of an imaginary cube was selected as best fulfilling the 


Stenderd 
id Gram Weight Spirit = 


Angle of 
Incision 


Hrane of Test 
TS.25° s Surface 


Fig. 1—Showing Shape of Cutting Point and Also the 
Method of Elastically Mounting. 


above conditions. This point was mounted with its axis vertical and 
with one corner constituting the cutting edge. The intersection oi 
the two points makes an angle of 35.246 degrees with the test surface. 
This constitutes the angle of incision. Since the instrument had to 


8Vice-president and consulting engineer, Lumen Bearing Co., Buffalo, N. Y. 
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sitive to sharp changes in hardness, the cutting point had to 
unted elastically (Fig. 1). 


Di1lca- 
ae seems obvious that the diamond would be first choice to ful- 

. 61] the above specifications, but due to the difficulty in grinding, an 
whe rtificial sapphire was first used. Finally, a lapidarian* was found 
vho was able to grind a diamond to the corner of a square, so that 


i 


edge 


the point appeared sharp at a magnification of 2000 diameters. At 


this magnification the three facets were true plane surfaces, their 
$1Ze 


‘atersections were sharp straight lines and at precise right angles. 
made 


DESCRIPTION OF INSTRUMENT 


The photograph (Fig. 2) shows a complete ‘“‘microcharacter” 
constructed for mounting either on a stand or on a microscope stage. 
lhe diamond is mounted at the end of a tapered steel spring, the op- 


Fig. 2—Photograph of Complete Microcharacter for Mounting on Stand 
or Microscope. 


posite end of which is securely fastened to the balanced arm shown 
diagrammatically on Fig. 1. <A spirit level is provided at one end 
and to insure that the axis of the diamond will be normal to the test sur- 
1 of tace and that the full load of the weight will be applied to the cutting 
‘ace. point. This balanced arm is suspended on sapphire bearings by 
1 to means of a second bracket which may be raised or lowered by a 


‘F. F. Gilmore, Boston, Mass. 
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rack and pinion. For convenience the suspension bracket may fy 
swung back out of the way when inspecting or removing test speci- 
mens. 


The specimen, properly polished and lightly etched, is mount 


ed 


in plasticine on a glass slide which is then clamped onto the 


mechanical stage similar to that used on an ordinary microscope 


The specimen is drawn under the diamond point by a micromete; 
feed actuated by hand or a power driven worm and worm whee! 
which is attached to the longitudinal displacement of the mechanical] 
stage. During cutting the diamond point is lubricated with a super- 
fine watch oil. After completing the cut, the piece is removed and 
swabbed with xylol to remove the lubricant. The specimen may then 
be taken to the microscope equipped with a Filar micrometer which 
has been calibrated, allowing measurements of cut widths to ,\) of 
a micron. It is obvious that it is necessary to have the highest grade 
of microscopical equipment in order to obtain satisfactory results 
The authors have found that optical equipment giving magnifications 
of 500, 800, 1200, 2600 and 4400 diameters is sufficient for the 
range of readings which they encountered. These readings were 
made in lead as the softest and in cementite in white cast iron which 
was the hardest material encountered. 

The microhardness scale, devised expressly to interpret the re- 
sults obtained with the ‘‘microcharacter” has been retained as a 
standard. This is derived by using the reciprocal of the cut width 
in microns squared, multiplied by 10,000. Thus, the expression for 

10,000 
microhardness reads, kK = —————— where K is microhardness, A 
A? 
is the cut width in microns and 10,000 is an arbitrary number used 
to avoid fractional hardness values. Table I shows the method used 
by the authors for obtaining microhardness directly from Filar 
micrometer readings for their apparatus only. It must be remem- 
bered at all times that this is a logarithmic scale (Fig. 3) and (Table 
II), consequently greater uniformity of hardness will be obtained 
in the range depicting softer materials. For example: 
Width of Cut in Microns Microhardness 
} 20 25 
(a) 1 19.5 26.3 


§ 1.5 4440 
(b) 1 1.4 5102 


Let the first group (a) represent two readings of cut width and the 
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Table | 


Microhardness Numbers from Filar Micrometer Reading 
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Table | (Continued) 


Turns . Turns K 


66 4 .44 3647 
65 & ; .43 3698 
64 2811 : 42 3749 
63 2846 .41 3801 
62 2881 ; .40 3858 
61 2917 : .39 3913 
60 2953 ; 38 3969 
59 2991 ; , 4028 
5 3029 ; ;, 4088 
3067 : | ’ 4134 
3108 ; ; 4211 
3147 4275 
3189 4340 
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3273 4474 
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Microscope—B & L FSM with Binocular Eyepiece Adapter 

Objective—B & L 2 mm Apochromatic. 

Filar Micrometer—Spencer 0.2 mm per turn. 

Stage Micrometer— (Used in Calibration) Leitz 0.01 mm 
10,000 

K 


(1.15 x n)? 


Table II 
Microhardness Numbers—Standard 3-Gram 
K A-2 104 Microhardness 
Width of Microcut in Terms of 
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correspondnig microhardness in a soft material and the second group 
‘h) the same for a hard substance. 

It is seen that a difference of 0.5 of a micron in case (a) causes 
5.2 per cent change in the microhardness while in case (b) a differ- 
ence of 0.1 of a micron is equivalent to a change of 14.9 per cent. 
With the best optical equipment, measurements to one micron may 
be made conveniently, but optical calibration with a standard stage 
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Filar Micrometer Jurns 


Fig. 3—Logarithmic Scale for Deter 
mining Hardness Readings. 


micrometer graduated in hundreds of millimeters and the practical 
limit of magnification as well as the quality of Filar micrometers, 
make measurements to fractions of a micron doubtful. 

The characteristics of the microcut vary in different materials 
depending upon such factors as ductility and plasticity. The diagram 
(Fig. 4) shows the cross section of a typical microcut as interpreted 
by C. H. Bierbaum, while Figs. 5 and 6 show photomicrographs of 
an actual cut top view and end view. This cut was made by H. J. 
King in a pure grade of commercial tin, the surface having been 
prepared by placing the sides of two small blocks of the material 
together to form one block. The sides were extremely flat so that 
the edges coincided. This resultant surface was polished and cut at 
right angles to the mating edges. The blocks were then separated 
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{ mber 


so that the end of the cut could be observed and photographed. Th,¢ 
similarity to Mr. Bierbaum’s interpreted cut is extremely strikin 


oO 


sx» SO 


that these photographs are helpful in explaining how to make the 
readings. 


Referring to Fig. 4, all the material displaced by the diamond 
may be considered pushed out and above and represented by the 


Jest 
Surface 


Fig. 4—Diagram Showing Cross Section of a 
Typical Microcut. 

two areas above the test surface. The dimension A seems to be 
the ideal width to measure, but due to the optical impossibility, it 
has been found necessary to measure the entire width B of the dis- 
turbed material. This undoubtedly leads to error because of the 
formation of a burr such as shown at the right side of the diagram. 
The character of this burr has been found to vary in the different 
materials tested. In many cases the material is displaced outward 
in such a manner that the dimension C marks a sharp ridge beyond 
and below which the material slopes to the tested surface. This 
condition can be better understood by examination of Figs. 7 and 8 
or by the actual study of a microcut under the microscope. In other 
cases the displaced material seems to be entirely burr as shown in 
Fig. 9. A short break in the burr is shown and, with the exception 
of a slight ridge, the unaffected test surface adjacent to the cut. 
Figs. 7 and 8 compare the photomicrograph of a cut in tin taken in 
focus on the test surface and focused on the ridge rather than this 
surface. It is recommended in reading the cut width that the micro- 
scope be focused on the test surface disregarding the cut and the 
reading made across the disturbed material where the absence of 
burr is certain. The appearance of the cut may be improved as 
regards burr by lightly rubbing with a substance such as the pith 
from the elder stalk, the pith being saturated with a solution of tin 
oxide or alumina. 

There seems to be no specific linear relation between micro- 
hardness and the other common scales of hardness for metals such 
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Fig. 5 
Shows the Surface of the Metal with the Microcut. »* 1570. Fig. 6 Shows the 
Cross Section of the Metal Through the Microcut. * 1570. — eee a 

Figs. 7 and 8—Photomicrographs of a Microcut in Pure Commercial Tin. Fig. 7 
Taken in Focus on Surface of the Metal. < 500. Fig. 8 Taken in Focus on the 
Ridge of the Cut and not the Surface of the Metal. 500. 


Figs. 5 and 6—Photomicrograph of Microcut in Pure Commercial Tin. 
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Fig. 9 Photomicrograph of a Microcut in Lead. The 
to be Entirely Burr. _ Hardness of 5. x 500. 
Fig. 10- Photomicrograph of a Microcut in White Cast Iron < 3000. 


i 24 Photomicrograph of a Microcut in a 1 Per Cent Carbon Spheroidized Steel 
Specimen. Xx 2200. 
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Table I1l 


Microhardness 
Brinell Rockwell Martens Bierbaum! O'Neill Mohs 
Numbet Number Number Authors?” Test Scale 
Lead . 16.8 7.0! 9.6 oa 
rin 26.0 12.22 24 
Magnesium (999) 4 as i 3) 
Palladium 5 2 So _108? ar 
Conees 40 74-1152 94 
Armco Iron Q 44 2407 98 
Nickel 55.7 244! 
Carburized Steel 208 2950! 
Nitrided Steel o- 2950! 
Cementite 8 o* es 56207 


Mate 


Soh Swe tots 


as the Rockwell and Brinell scales. Table III has been prepared 
from various sources to illustrate this. However, Dr. Harold C. 
Hodge’ and J. Harold McKay® have made a study of the microhard 
ness of minerals constituting the Mohs scale. Table IV is taken 
from a paper which these authors published’ in 1934. The Mohs 
scale is probably the oldest systematic scale of hardness and is now 
extensively used by mineralogists. This table shows the rather un- 


equal spread of hardness of the key minerals, since there is a greater 


spread between 7 and 8 than between 6 and 7. The spread between 
| and 6 is small as compared to that between 6 and 7. 

Table V shows some of the results obtained by the authors which 
were found convenient for reference in recognizing the constituents 
in the alloys studied and for evaluating the aggregate hardness. 
These results are the average of a great many readings and check 
closely with readings made by C. H. Bierbaum and Harold McKay 
using a different instrument. 


Table 1V 


Average by 

Mohs Range of H. C. Hodge’ 

Material Scale Microhardness J. H. McKay’ 
Talc 0.8-—21.5 l 
Selenite 10.2—56.6 11 
Calcite 3 126-135 129 
Fluorite ( 138-145 143 
Apatite 870-1740 577 
Orthoclose 2100-2500 975 
Quartz 7 2066-3906 2700 
opaz R 2770 4440 3420 
Corundum 9 3906-8264 5300 


1H. C. Hodge, Senior Dental Fellow, Medical School, University of Rochester. 
“J. H. McKay, Metallurgist, Lumen Bearing Co., Buffalo, N. Y. 


Senior Dental Fellow, Medical School, University of Rochester 
°Metallurgist, Lumen Bearing Co., Buffalo, N. Y 
American Mineralogist, Vol. 19, No. 4, April, 1934 
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Table V 
Width of 
Microcut, 
Average in 
Material Microns Microhardnecc 


Lead (Bearium) 

Tin (Bearium) 

Copper (Bearium) 

Armco Iron 

Swedish Iron ee 

Ferrite (0.2 per cent Carbon Steel) Gane 

Ferrite (White Cast Iron, Annealed 4 hours at 1750 degrees Fahr.).. 
Ferrite (Same, for 16 hours) 

Ferrite (Malleable Iron) 

Pearlite (White Cast Iron) <7qer 

Pearlite (0.8 per cent Carbon Steel) 

Pearlite (0.2 per cent Carbon Steel) ; ante erotarg 
Pearlite (White Cast Iron, Annealed 16 hours at 1750 degrees Fahr.) 
Eutectoid Bronze, Annealed 

Eutectoid Bronze, As Cast 

Alpha Bronze* 

Beta Bronze 

Gamma _ Bronze 

Delta Bronze* 

Epsilon Bronze* 

Beta Prime Bronze 


*Annealed for 48 hours at 500 degrees Cent. 


Figs. 11 and 12 show how well the “microcharacter’’ accomplishes 
the functions in the beginning of this paper. Fig. 10 is a photo 
micrograph at 3000 diameters of a cut in white cast iron. This shows 
the cut proceeding from a relatively soft material (pearlite) micro- 
hardness of 427 to an extremely hard material (cementite) with 
a microhardness of 5600. It is seen that the cut width can be 
easily measured in the hard cementite. A lower magnification would 
give better results for the cut reading in the pearlite, but it can be 
accurately read as shown. Fig. 11 shows a cut in a 1 per cent 
spheroidized carbon steel at a magnification of 2200 diameters. The 
cut crosses a particle of cementite which has not been disturbed or 
torn from the soft matrix, thus showing that the hardness measure- 
ment can be made on small inclusions. 

Some definite examples are included which point out the possi- 
ble uses of the “microcharacter” as an aid in research. In the micro- 
scopic study of the copper-tin equilibrium diagram by means of 
microscopic examinations of various alloys in the series, there was 
often doubt as to the constituent present. This was true in the case 
of alloys having composition varying within close limits on either side 
of a boundary line between two fields. By making cuts on samples 
which were definitely known, the values of microhardness thus 


found were used to recognize the structures in the specimens which 


were less easy to distinguish visually. 
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n the microscopic investigation of leaded bronzes it was noticed 
that the structure of the lead in different commercial alloys seemed 
to vary considerably. The appearance, in some cases, seemed to sug- 
gest a lead-tin eutectic. Cuts were made on the matrix of these 

bronzes, namely, the alpha solid solution. These cuts gave micro- 

hardness readings which checked with those of copper-tin alloys of 

the same composition as the alpha solid solution of the leaded bronzes 

considering the copper and tin only. If the lead and tin had formed 

a eutectic, enough tin would have been used in this mixture to very 

appreciably lower the microhardness of the alpha matrix, since the 

eutectic of lead and tin contains about 60 per cent tin. 

During a test of a series of high lead alloys of copper, nickel 
and lead, it was desired to know the relative hardness of the copper- 
nickel solution. However, the ordinary hardness testing methods 
failed to give any information about the separate components of 
such an alloy. By means of a cut, it was determined that the micro- 
hardness of the copper-nickel alloy was 150. 

In the shaping of steel parts by screw machines it is important 
that the metal have good machining quality. The authors have en- 
countered cases where one lot of steel, apparently of exactly the same 
analysis and Brinell hardness as of the previous lots which had 
machined satisfactorily, did not cut properly. A microscopic ex- 
amination of the two steels showed no marked difference. The steels 
were then microcut giving values of 225 and 250 on the micro- 
hardness scale, a difference in cut width of 0.3 of a micron. The 
steel for which the value was 225 machined well, while the other 
dulled the tools very rapidly. In another type of steel, where the 
difference in structure was distinctly discernible under the micro- 
scope, the values were 228 and 240. In this case the steel with the 
higher value machined properly, checking the microscopic observation, 

In the study of the case of nitrided and carburized steel, the 
“microcharacter” lends itself admirably. Continuous readings of 
microhardness can be made from the extreme edge of the hardened 
piece to the core and a curve plotted showing the variation of hard- 
ness with depth. It can be ascertained from this plot whether the 
case is uniformly hard, whether it is softer on the surface and exactly 
how the hardness changes through the section. The microcut will 
indicate exactly, whether the case is sharp and narrow, or deep and 
gradually tapering into the core. 

It is hoped that this discussion will help other investigators over 
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some of the rough spots and suggest further research with the 
‘‘microcharacter’’ and perhaps indicate how it can be of more practical 
value. 


The authors wish to express their indebtedness to C. H, Bier- 


baum for his unreserved co-operation, instruction and constructive 


criticism. Acknowledgment is given to E. P. Langworthy of the 
Bearium Metals Corp., who was instrumental in supplying much of 
the material for the research on the alloys studied. Many thanks 
are extended to Dr. Harold C. Hodge of the University of Rochester 
Medical School, which unit owns the ‘“‘microcharacter” used by the 
authors, for his kind assistance in many instances. 
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